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COAL COMBUSTION SCIENCE 

QUARTERLY PROGRESS REPORT -- APRIL-JUNE 1991 

Donald R. Hardesty 
Combustion Research Facility 
Sandia National Laboratories 

Livermore, California 

This document provides a quarterly status report of the Coal Combustion Science Program 
that is being conducted at the Combustion Research Facility, Sandia National 
Laboratories, Livermore, California. The information reported is for the period April-June 
1991. 

The objective of this activity is to support the Office of Fossil Energy in executing 
research on coal combustion science. This activity consists of basic research on coal 
combustion that supports both the Pittsburgh Energy Technology Center (PETC) Direct 
Utilization Advanced Research and Technology Development Program, and the Intern- 
ational Energy Agency (IEA) Coal Combustion Science Project. Specific tasks for this 
activity include: 

Task 1: Coal Devolatilization 

The objective of this task is to characterize the physical and chemical processes that 
constitute the early devolatilization phase of coal combustion as a function of coal 
type, heating rate, particle size and temperature, and gas phase temperature and 
oxidizer concentration. During FY91 the emphasis is on data compilation and 
documentation of the chemical percolation devolatilization model. The principal 
investigator on this task is Thomas H. Fletcher. 

Task 2: Coal Char Combustion 

The objective of this task is to characterize the physical and chemical processes 
,, 

involved during coal char combustion as a function of coal type, particle size and 
temperature, and gas phase temperature and oxygen concentration. During FY91 the 
emphasis is on data compilation for the suite of PSOC coals, determination of the 
effect of devolatilization conditions on char reactivity, and determination of char 
reactivity at high carbon conversions. The principal investigator on this task is 
Robert H. Hurt. 

Task 3: Fate of Mineral Matter During Coal Combustion 

The objective of this task is to establish a quantitative understanding of the mech- 
anisms and rates of transformation, fragmentation, and deposition of mineral matter in 
coal combustion environments as a function of coal type, particle size and temperature, 
the initial forms and distribution of mineral species in the unreacted coal, and the local 
gas temperature and composition. A particular goal is determining the importance of 
fragmentation in the evolution of the particle size distribution during coal combustion. 
The principal investigator on this task is Larry L. Baxter. 
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COAL COMBUSTION SCIENCE

QUARTERLY PROGRESS REPORT
APRIL - JUNE 1991

EXECUTIVE SUMMARY

Task 1: Coal Devolatilization

The primary emphasis during this quarter was on the compilation of data from the Sandia coal
devolatilization experiments into one comprehensive document. These data are being
assembled into the document in tables in an appendix as a function of coal type, and are
discussed in the text of the document by topic. The main body of the document is a
discussion of apparatus, analysis techniques, and results. In addition to this work, the
journal paper describing the CPD model was completed during this quarter; the paper was
submitted for publication in Energy and Fuels. A draft copy of the paper was sent to PETC,
and a Sandia report will be issued after comments from all reviewers are addressed.

In the course of this work, several new observations were made that contribute new insights
into the mechanisms of coal devolatilization. These insights include an analysis of the
relationship between the composition of the devolatilized char and the coalification band, an
interpretation of the oxygen content of the fully devolatilized chars as a function of coal rank,
and further elucidation of the chemical structure and molecular weight of chars.

Task 2: The Rates and Mechanisms of Coal Char Combustion

Activities during this quarter focused on the kinetic analysis and data compilation for the
suite of PSOC coals. The technique developed in the previous quarter for determining n*-
order global kinetic parameters was applied this quarter to seven coals from the PSOC suite
of ten. This technique yielded n*-order global kinetic parameters that successfully describe
that data from both the optical and tracer experiments.

For each of the seven coals, the complete set of combustion parameters were determined,

comprising the global kinetic parametersn, E, and A (reaction order, activation energy, and
preexponential factor), the burning mode parameter, a, (describing the particle diameter
evolution), the char structural parameters o and PO (swelling factor and initial char density)
and the product ratio parameters, A ~, EC (which determine the CO/COZ product ratio).
These sets of parameters were used to calculate combustion rates, q, and burnout times, T50,
for the coal chars under a chosen set of standard conditions representative of the various
environments encountered in pulverized coal fired boilers. The presentation of combustion
rates or burnout times under chosen standard conditions allows a direct comparison of the
reactivity of various coals, something that is not possible from values of A, E, and n alone.



Further, the characteristic burnout times reflect the influence of not only A, E, and n, but of all
of the measured combustion parameters.

Task 3: The Fate of Mineral Matter

During this quarter, analyses of elemental release rates from a spherical oil agglomerate
product (SOAP) were conducted in the CCL. Overall mass loss is determined as a function
of residence time within approximately 10 relative percent. From these data, the release of
inorganic and organic constituents of the SOAP are determined.

Of the eight major inorganic components of SOAP, only two were found to be released to the
gas phase in appreciable amounts during combustion. These are sodium and potassium, both
alkali metals. At the latest stage of combustion monitored during these tests (95 ins),
approximately 35 and 50 percent of these elements, respectively, is released.

Elemental release rates of the organic constitutions were also determined. Hydrogen and
oxygen are found to leave the SOAP in significantly larger fractions than the overall mass
loss. Sulfur is released faster; nitrogen is released slightly faster; carbon is released slightly
slower. These results are consistent with similar experimental results for pulverized coal
under similar conditions.

Also during the quarter, analyses of char fragmentation for coals with a broad variation in
rank, geographic origin, ash loading, and ash type were completed. Results indicate that the
extent of fragmentation increases with increasing initial char diameter, decreases with
increasing ash loading, increases with increasing rank, and is sensitive to mineral grain size
distribution. These results are consistent with results reportedly earlier for a smaller suite of
coals.

Future Work

On the coal devolatilization task, the primary emphasis during the next quarter is the
completion of the first draft of the comprehensive document containing the data from the
Sandia devolatilizationexperiments.

Also during the next quarter, on the char combustion task kinetic parameters will be
determined for the remaining three coals in the PSOC suite and the data compilation will be
completed. In addition, reactivity measurements will be performed on chars previously
collected from the CCL under various devolatilization conditions. Results of the literature
search and scoping experiments will be used to formulate a research plan on the topic of
carbon reactivity at high conversions. The plan will identify research priorities on both the
fundamental and applied aspects of this problem that will serve to define future work in this
area. Finzdly, reactivity measurements will be performed on another proprietary coal-derived
product and the results will be reported to PETC under separate cover.
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In the mineral matter area, during the next quarter, the first version of ADLVIC will be
completed. Preparations will be initiated for release of the code to PETC and other interested
parties. A complete discussion of ADLVIC will be included in the next quarterly report. This
discussion and documentation will include validation of the model predictions at many
different combustion scales. Also, progress in developing ADLVIC II, a more detailed ash
deposition model, will be reported.
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PROJECI’ TITLE: COAL COMBUSTION SCIENCE

TASK 1: DOCUMENTATION OF COAL
DEVOLATILIZATION RESEARCH
PERFORMED AT SANDL4 FROM 1985
TO 1991

ORGANIZATION: Sandia National Laboratories, Livermore

CONTRACT: FwP 0709

REPORTING PERIOD: April 1- June 30,1991

REPORTED BY: T. H. Fletcher and D. R. Hardesty

Phone: FTS 234-2584 and 234-2321

OBJECTIVE FOR TASK 1

The overall objectives of the coal devolatilization research at Sandia are to characterize
coal devolatilization behavior as a function of time, temperature, heating rate, and coal
type, and to relate the observed behavior to the chemical structure of the parent coal.
Research emphasis in FY91 is placed on documentation and closure of both experimental
and modeling activities pertaining to coal devolatilization research. This task is therefore
divided into two subtasks:

SUBTASK 1.1 COMPILATION OF DATA FROM THE SANDIA COAL
DEVOLATILIZATION EXPERIMENTS

Objective: To compile all of the experimental data obtained in the Coal
Devolatilization Laboratory (CDL) at Sandia, along with the corresponding
interpretation of data, into one comprehensive document. Data obtained in
collaboration with other laboratories will be included in this report.

Deliverables: A comprehensive document containing all coal devolatilization data

obtainedwith I’ETCfundingat Sandia,along withdata interpretation.

SUBTASK 1.2 DOCUMENTAmON OF THE CHEMICAL PERCOLATION
DEVOLATILIZATION MODEL

Objective: To complete the documentation of the chemical percolation devolatilization
(CPD) model, including improvements to treat crosslinking and the effeets of pressure.
Relationships between model parameters and experimentally measured chemical
structures in coal and coal chars will be examintd. Emphasis will be placed on closure
and documentation, including journal publications and technical presentations, as well



as a summary report. Sandia code licensing guidelines will be examined prior to
distribution and the delivery of the code to PETC will be expedited.

Deliverables: An engineering model of coal devolatilization based on the chemical
structure of the parent coal, including a summary report describing model formulation
and validation.

SUMMARY OF TECHNICAL PROGRESS DURING THIS QUARTER

The primary emphasis during this quarter was on the compilation of data from the Sandia
coal devolatilization experiments into one comprehensive document (Subtask 1.1). These
data are being assembled into the document in tables in an appendix as a function of coal
type, and are discussed in the text of the document by topic. The main body of the
document is a discussion of apparatus, analysis techniques, and results.

Under Subtask 1.2, the internal review of the journal paper describing the CPD model was
completed during this quarter; the paper was submitted for publication in Energy and
Fuels. A draft copy of the paper was sent to PETC, and a Sandia report will be issued
after comments from the journal review panel are addressed.

SUBTASK 1.1 COMPILATION OF DATA FROM THE SANDIA COAL
DEVOLATILIZATION EXPERIMENTS

The focus of work during this quarter was prepm-ation of the comprehensive document,
and is proceeding according to schedule. The data from the char and tar samples from five
different coals, collected in the Coal Devolatilization Laboratory (CDL) in two separate
gas temperature conditions and in the Char Combustion Laboratory (CCL), have now
been assembled into tables suitable for inclusion in the appendix. These data include
elemental organic and inorganic analyses of char samples, NMR analyses of char and tar
samples, apparent densities, mercury porosimetry and N2 BET internal surface area data,
and the extent of mass release, residence time, and temperature history determined for
each sample. The sizing-pyrometry data for each experimental condition have also been
assembled in tables for inclusion in an appendix. Copies of the Penn State analyses of the
unpulverized coal will be included in that appendix for reference.

The main body of the document is currently organized into the following chapters:

1, Introduction
2. Apparatus
3. Sample Analysis Techniques
4. Summary of Experiments Performed
5. Results and Discussion of CDL experiments in 100% N2
6. Results and Discussion of Additional Experiments
7. Conclusions
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During this quarter, an outline of the document was sent to PETC for review and approval.
Work on the main body of the document is proceeding according to schedule. Drafts of
Chapters 1 through 4 have been completed, and a draft of Chapter 5, which contains the
bulk of the discussion of results, is nearing completion. In the course of the document
preparation, several new observations were made that contribute new insights into
mechanisms of coal devolatilization. These insights are summarized below in this
quarterly report.

Elemental Compositions of Chars During Devolatilization

Char Composition Relative to the Coalification Band

The elemental compositions of chars collected at different residence times during
devolatilization have been examined, and elemental release rates of C, H, O, N, and S
have been discussed in previous quarterly reports as a function of coal type. Pyrolysis
reaction rates have rwently been extrapolated to geologic time scales and correlated with
increases in coal rank [Solomon, et al., 199 1]. This implies that changes in elemental
composition of coal chars may follow the coalification process [Van Krevelen, 1981].
During this quarter, the elemental compositions of coal chars during devolatilization me
examined relative to the coalification band. The coaliflcation band used in this analysis is
expressed on a plot of the hydrogen to carbon ratio versus the oxygen to carbon ratio, as
shown in Fig. 1.1. The elemental compositions of most raw coals lie in the band shown,
with the low rank coals to the right of the bend at high oxygen to carbon ratios. Graphite
lies at the lower left origin. The five coals used in the Sandia coal devolatilization
experiments lie in the coalification band, with the highest rank coal (PSOC- 1508D
Pocahontas #3 lV bituminous) located in the na.mow region below the bend at low oxygen
to ca.rlmn ratios.

The data shown in Fig. 1.1 are from char samples collected as a function of residence time
in the 1250 K gas condition in the CDL. The arrows represent the change in elemental
composition of the chars as a function of residence time. It is clear that the progress of
chars during devolatilization in these experiments does not follow the coalification band,
with the exception of the low volatile bituminous coal (PSOC- 1508D). The location of the
final chars in these experiments all lie in a much closer region on this chart than the

original coals, which is expected.

Oxygen Content of Fully -Devolatilized Chars

The fully-devolatilized chars from the low rank coals contain surprisingly large amounts of
oxygen. The lignite char collected at the longest residence time in the 1250 K gas
condition in the CDL contains 10!ZOoxygen on a dry ash-free (daf) basis, while the
subbituminous coal contains 7.470 (cM) oxygen. This is due to the large amount of oxygen
in the parent coals (2570 and 17910daf, respectively). In contrast, chars from the two high
volatile bituminous coals (PSOC- 1493D and PSOC- 145 lD) at the same location contain
5 to 6% daf oxygen, while the char from the low volatile coal (PSOC- 1508D) contains
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3.5% daf oxygen. The oxygen in these chars may be released during pyrolysis at higher
temperatures, but most likely the oxygen is released during the initial stages of char
combustion in practical coal flames. The oxygen in coal chars often serves as a
crosslinking bridge between adjacent aromatic clusters (Ar-O-Ar), and is stable enough
to survive at typical devolatilization temperatures. Oxygen contained in carboxyl groups
(-COOH) leaves during the devolatilization process as C02, and is not found in
significant quantities in fully -devolatilized coal chars.

.
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q
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Figure 1.1 Coalification chart showing locations of initial coals and progress of

chars during devolatilization, based on elemental composition.

Chemical Structure of Coal Chars During Devolatilization

New NMR Data for a Subbituminous Coal

Chars from four of the five coals were previously examined for chemical structure using
1SC NMR spectroscopy. The NMR analyses are performed at the University of Utah in
collaboration with Professor Ronald Pugmire and Dr. Mark Solum. Some of these results
were previously published for two coals [Fletcher, et al., 1990; Pugmire, et al., 1991].
During this quarter, the results of the NMR analysis of char sm..tcture was completed for
the final coal from the Sandia coal devolatilization laboratory: PSOC- 1445D New Mexico
Blue #1 subbituminous coal. These data are shown in Tables 1.1 and 1.2 for chars
collected in the CDL in the 1250 K and 1050 K gas conditions, respectively.
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Table 1.1
13c NMR AnalyW of Chars from PSOC-1445D

New Mexico Blue #1 Subbituminous Coal
106-125 Lm Size Fraction,

1250 K Gas Condition in the CDL (100% N2)

Sampling Distance (mm)
Residence Time (ins)
Mass Release (% daf)

Aromatic carbon, ~a = ~a’ + ~ac
Carbonyl, ~aC
Aromatic carbon, carbonyl subtracted, f=’

Protonated aromatic carbon, f#
Non-protonated aromatic C, faN‘f# +fa~+f#

Aromatic carbon with O attachment, fap
Aromatic carbon with alkyl attachment, fa~
Aromatic bridgehead and inner carbon, fag

Aliphatic carbon, fal
Aliphatic CH and CH2, fa~
Aliphatic CH3 and non-protonated carbon, fal”
Aliphatics with oxygen attachment, fa~

Proton spin-relaxation time, Tl&’ (ins)

Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic cadmns per cluster

Total attachments per cluster, a+ 1
Bridges and loops per cluster, Bc
Side chains per cluster

Fractionof intact bridgesper cluster,p

Average cluster molecular weight
Side chain molecular weight, mb

o
0

0.0

0.59
0.06
0.53
0.19
0.34
0.07
0.12
0.15

0.41
0.30
0.11
0.07

4.7

26
14
12

5.0
2.1
2.9

0.42

410
47

70
77

26.8

0.67
0.08
0.56
0.22
0.34
0.07
0.13
0.14

0.33
0.25
0.08
0.10

2.1

21
12
9

4.3
2.6
1.7

0.60

335
43

250
238
53.6

0.84
0.05
0.79
0.36
0.43
0.05
0.17
0.21

0.16
0.12
0.04
0.08

7.3

16
13
3

3.6
3.0
0.6

0.82

225
18
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Table 1.2
13c NMR Analys~ of Chars from PSOC-1445D

New Mexico Blue #l Subbituminous Coal
106-125 ~m Size Fraction,

1050 K Gas Condition in the CDL (100% Nz)

Sampling Distance (mm)
Residence Time (ins)
Mass Release (% d@

Aromatic carbon, ~a = f=’+fac
Carbonyl, ~ac
Aromatic carbon, carbonyl subtracted, far

Protonated aromatic carbon, faH
Non-protonated aromatic C, faN=fap+fa~+f#

Aromatic carbon with O attachment, fap
Aromatic carbon with alkyl attachment, ~aS
Aromatic bridgehead and inner carbon, faB

Aliphatic carbon, fal
Aliphatic CH and CH2, fa~
Aliphahc CH3 and non-protonated carbon, fa/*
Aliphatics with oxygen attachment, fap

Proton spin-relaxation time, TIP’ (ins)

Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic carbons per cluster

Total attachments per cluster, cr+1
Bridges and loops per cluster, Bc
Side chains per cluster

Fraction of intact bridges per cluster, p

Average cluster molecular weight
Side chain molecular weight, m~

o
0

0.0

50
59

0.0

80
88

6.1

120
123

30.8

180
180

39.0

250
253
46.9

0.59
0.06
0.53
0.19
0.34
0.07
0.12
0.15

0.58
0.05
0.53
0,16
0.37
0.07
0.13
0.17

0.59
0.05
0.54
0.17
0.37
0.06
0.14
0.17

0.64
0.06
0.58
0.20
0.38
0.06
0.13
0.19

0.65
0.06
0.59
0.20
0.39
0.08
0.14
0.17

0.74
0.10
0.64
0.23
0.41
0.07
0.15
0.19

0.41
0.30
0.11
0.07

0.42
0.30
0.12
0.07

0,41
0.30
0.11
0.08

0.36
0.26
0.10
0.10

0.35
0.25
0.10
0.08

0.26
0.20
0.06
0.12

4.7 4,7 3.5 3.1 3.2 2.5

26
14
12

30
16
14

28
15
13

28
16
12

24
14
10

22
14
8

5.0
2.0
3.0

6.0
2.0
4.0

5.6
2.5
3.1

5.3
2.5
2.8

5.2
2.9
2.3

4.8
3,5
1.3

0.42 0.40 0.45 0.47 0.55 0.73

410 496 419 417 359 316
47 49 42 41 36 30

1-6



The NMR data for the Blue #1 coal have been incorporated into the appendices in the
comprehensive document, and are currently being analyzed prior to incorporation into the
main body of the comprehensive document. These data are consistent with results
discussed in the previous quarterly repcm regarding average cluster molecular weights in
other coals. The initial cluster molecular weight for the subbiturninous coal is 410 amu,
which lies between the values of 440 amu observed for the Zap lignite and 270 amu
observed for the Illinois #6 hvb bituminous coal. The cluster molecular weight of the fully-
devolatilized char from the subbituminous coal (238 ms) in the 1250 K gas condition in the
CDL is 225 amu, which is close to that observed for fully-devolatilized chars form other
coals under these conditions (see Fig. 1.2).

500 I I I I I I I I I I I
J

450 0

n

■ PSOG1445D
● PSOC-1 451 D

40 A PSOC-1493D
0 PSOC-1507D

35 A PSOC-1508D

300 0
A

250

200~. 1

L-LUA_J---
0 50 100 150 200 250 300

Residence Time (ins)

Figure 1.2 Average cluster molecular weights in coals and chars collected in
the 1250 K gas condition in the CDL, determined from 13C NMR
analyses. Parent coals are represented at O ms residence time.

Molecular Weights of Attachments to Clusters

Another compmison of chemical structure as a function of coal rank is the
molecular weight of attachments to clusters in the parent coal. Attachments to

average
clusters

include labile bridges ($), char bridges (c), and side chains (~. As explained by Fletcher,
et al. [1991], the molecular weight of attachments matf can be calculated from the cluster
molecular weight by subtracting the mass in the aromatic fused structure (the number of
aromatic carbons per cluster CCIwf multiplied by the molecular weight of carbon Mc) and
dividing by the number of attachments per cluster (0+1):
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(1.1)

The definition of the molecular weight per cluster (MCIW[) used here includes the mass in
the aromatic part of the cluster plus the surrounding aliphatic material. The cluster
molecular weight therefore includes the mass of side chains and one-half the molecular
weights of labile bridges and char bridges attached to the cluster, as follows:

where f, c, and 6 represent the populations of labile bridges, char bridges, and side chains,
respectively. The factor of 2 in the mb and mc terms reflects the fact the only one-half of
an intact bridge is atrnbuted to a cluster. Unreacted coals contain very few char bridges
(i.e., c = O), ~d hence Eq. 1.2 reduces to the relation maff
For fully -devolatilized chars, f = O, and Eq. 1.2 becomes:

!?k&+~m&

mat = C2

C+a

= m& assuming that m3 = rob/2.

(1.3)

Side chain moleculw weights have been thus determined for all five parent coals examined
in the Sandia devolatilization experiments (mb = matf for unreacted coals), as shown in
Fig. 1.3. Side chain moleculm weights for other parent coals are also shown, as reported
by Solum, et al. [1989] for the Argonne premium coals [Vorres, 1989] and for three coals
examined at Advanced Fuel Research (AFR) [Serio, et al., 1987]. The continuous lines
in this figure represent linear correlations of the data. The oxygen content of the parent
coal is an indicator of coal rank; the oxygen content of the parent coal decreases as coal
rank increases. The side chain molecular weights of the parent coals exhibit a definite
trend as a function of coal rank; values of m ~ range from 52 amu in the lignite and
subbituminous coal (2590 daf oxygen) to 13 amu for the highest rank coal (Pocahontas 7+3
lV bituminous, Argonne sample).

The average molecular weights of attachments to clusters in fully-devolatilized coal chars
are also shown in Fig. 1.3. The fully -devolatilized chars are from the longest residence
time (- 250 ms) in the 1250 K gas condition experiments conducted in the Sandia CDL in
100% N2. The molecular weights of side chains for the fully -devolatilized chars vary from
18 to 11 amu, which is not a significant dependence on coal rank. This coincides with the

data on average cluster molecularweightsfor these chars (HE. 1.2), which do not exhibit
a significant rank dependence, either. The fully-devolatilizedchars do not contain any
labile bridges, and hence the attachments to the cluster consist solely of char bridges and
side chains. The side chains present in the “fully-devolatilized” chars are stable enough
to remain with the char at typical devolatilization temperatures (800 to 1100 K). The
average value of maff in the fully -devolatilized chars is low enough (11 to 18 amu) to
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Figure 1.3 Average molecular weight of attachments to aromatic clusters in
unreacted and fully -devolatilized coals as a function of coal type.
Data for non-Sandia coals are taken from Solum, et al. [1989]. Fully-
devolatilized chars are from the longest residence time (- 250 ms) in
the 1250 K gas condition in the CDL.

compare with side chains consisting of one atom (12 amu for carbon, 16 arnu for oxygen).
Low molecular weight side chains may consist mainly of methyl groups (15 arnu) and OH
groups (17 amu), which are more stable than longer side chains such as COOH or ethyl
groups (C2H5),

Molecular weights of char bridges in fully -devolatilized chars are thought to be smaller
than molecular weights of labile bridges and side chains in the parent coal. These char
bridges fall into three categories: (a) biphenyl bridges, where a bridge is formed between
neighboring carbons on different aromatic clusters (Ar-Ar); (b) ether-type bridges where
a single oxygen atom forms a bridge between neighboring clusters (Ar-O-Ar); and (c) a
cwbon bridge, thought to mainly consist of single cartmn atoms between clusters (Ar-C-
Ar). These three types of char bridges are illustrated in Fig. 1.4. Two bridges may link
the same two aromatic clusters, and are and hence only the sum of bridges and loops is

determined. The molecular weights of these three types of char bridges are low enough to
be consistent with the NMR determinations of mar[ shown in Fig. 1.3 for coal chars: O amu
for biphenyl bridges; 16 amu for oxygen bridges, and 12 arnu for carbon bridges.

The measured changes in the average molecular weight of attachments to clusters as a
function of coal rank and during devolatilization, as well as the measured cluster molecular
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Figure 1.4 Characteristic chemical structures found in fully-devolatilized coal
chars, illustrating the postulated forms of char bridges.

weights, present a critical test for devolatilization models based on chemical mechanisms.
Network-based devolatilization models, like the CPD model [Grant, et al., 1989],
calculate the populations of labile bridges, char bridges, and side chains (gas precursors),
and hence permit calculation of mat( from Eq. 1.2 as a function of coal type and the extent
of devolatilization. Since ma and mc are not measured independently, the data do not
indicate whether the decrease in matt during to devolatilization is due to a change in m ~ or
an increase in the population of char bridges (c). Changes in m ~as a function of the extent
of reaction could be modeled by assuming that a certain fraction of the side chain material
consists of -CH3 and -OH groups that are so tightly bound to the aromatic rings that they
can be considered to be inert. The average value of ma would then change as a function of
time, since it would be a combination of reactive and inert side chains.

The comparison of predicted and measured values of matl as a function of residence time
and coal type is only one example of how the NMR analyses of char particles provides
new insights into the coal devolatilization process. These NMR data are also valuable in
(a) selecting input coefficients for such models that better coincide with chemical
structures that exist in coal and char, and (b) providing quantitative data for evaluation of
proposed mechanisms and rate coefficients in such models, and (c) determining the
chemical structures of the residual chars for better understanding of fundamental char
reaction rates and mechanisms.
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SUBTASK 1.2 DOCUMENTATION OF THE CHEMICAL PERCOLATION
DEVOLATTLIZATIONMODEL

A journal article describing the most recent improvements to the CPD model was finished
during this quarter. This paper is titled, “A Chemical Percolation Model for
Devolatilization: 3. Chemical Structure as a Function of Coal Type,” authored by Thomas
H. Fletcher, Alan R. Kerstein, Ronald J. Pugmire, and David M. Grant. This paper has
now cleared internal Sandia review, and has been submitted for publication to Energy and
Fuels. A draft copy of this paper was forwarded to PETC at the time of submission to the
journal, and a Sandia report will be issued after comments from the journal reviewers are
addressed.

PLANS FOR NEXT QUARTER

The primary emphasis for next quarter is the completion of the first draft of the
comprehensive document containing the data from the Sandia Devolatilization
experiments. This draft will be sent to PETC for review, and will be completed during the
next quarter. A paper will be prepared during the next quarter for presentation at the
Seventh Annual Coal Preparation, Utilization, and Environmental Control Contractors
Conference to k held in Pittsburgh, Pemsylvania, July 15-18, 1991.
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NOMENCLATURE FOR TASK 1

aromatic cluster
char bridge
number of carbons per aromatic cluster
side chain to aromatic cluster

molecular weight of an attachment to an aromatic cluster
molecular weight of a labile bridge
molecular weight of a char bridge
average molecular weight of a side chain to an aromatic cluster
molecular weight of carbon
average molecular weight of an aromatic cluster, including attachments
coordination number (number of attachments per cluster)

1-11



REFERENCES FOR TASK 1 SECTION

Fletcher, T. H., M. S. Solum, D. M. Grant, S. Critchfield, and R. J. Pugrnire, Twenty-Third
Syrnp. (Int.) on Corn. (in press, 1990).

Fletcher, T. H., A. R. Kerstein, R. J. Pugmire, and D. M. Grant, “A Chemical Percolation
Model for Devolatilization: 3. Chemical Structure as a Function of Coal Type, ”
submitted for publication to Energy and Fuels (1991). See also Fletcher, T. H. and D.
R. Hardesty, “Coal Combustion Science: Task 1, Coal Devolatilization,” DOE/PETC
Quarterly Progress Report for October to December, 1990, edited by D. R. Hardesty,
Sandia Report No. SAND91-821O, available NTIS (1991).

Pugmire, R. J., M. S. Solum, D. M. Grant, S. Critchfield, and T. H. Fletcher, Fuel, 70, 414
(1991).

Serio, M. A., D. G. Hamblen, J. R. Markham, and P. R. Solomon, Energy & Fuels, 1, 38
(1987).

Solum, M. S., R. J. Pugmire, and D. M. Grant, Energy & Fwk, 3, 187 (1989).

Solomon, P. R., D. G. Harnblen, M. A. Serio, Z. Yu, and S. Charpenay, “Can Coal Science
Be Predictive,” ACS Div. of Fuel Chem. prepr., 36:1,267 (1991).

Van Krevelen, D. W., Coal Science and Technology 3. Coal, Elsevier, New York, p. 113
(1981).

Vorres, K. S., “Users’ Handbook for the Argonne premium Coal Sample Bank,” Argonne
National Laboratory, supported by DOE contract W-31- 109-ENG-38 (September,
1989). Also Vomes, K. S., ACS Div. Fuel Chern. prepr., 32:4,221 (1987).

PUBLICATIONS, PAPERS, AND PRESENTATIONS

During April, an invited paper was presented in the Storch award ceremony at the
National ACS Meeting in Atlanta. The paper discusses mass transfer issues during coal
pyrolysis, with a focus on methods for estimating vapor pressures of tar and metaplast.
This paper was entitled, “Predicting Vapor Pressures of Tar and Metaplast During Coal
Pyrolysis,” authored by T. H. Fletcher, D. M. Grant, and R. J. Pugmire.

A paper entitled, “Structural Evolution of Matched Tar-Char Pairs in Rapid Pyrolysis
Experiments,” authored by R. J. Pugrnire, M. S. Solum, D. M. Grant, S. Critchfield, and
T. H. Fletcher, appeared in Fuel (Vol. 70, p. 414, 1991).

A paper entitled, “A Chemical Percolation Model for Devolatilization: 3. Chemical
Structure as a Function of Coal Type,” authored by T. H. Fletcher, A. R. Kerstein, R. J.
Pugmire, and D. M. Grant, was submitted for publication to Energy and Fuels.
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PROJECT TITLE: COAL COMBUSTION SCIENCE

TASK 2: RATES AND MECHANISMS OF
COAL CHAR COMBUSTION

ORGANIZATION: Sandia National Laboratories, Livermore

CONTRACT: FWP 0709

REPORTING PERIOD: April 1- June 30,1991

REPORTED BY: R. H. Hurt and D. R. Hardesty

Phone: FTS 234-3707 and 234-2321

OBJECTIVE FOR TASK 2

The objective of Task 2 is to characterize the combustion behavior of selected U.S.
coals under conditions relevant to industrial pulverized coal-fired furnaces. An optical
particle-sizing pyrometer is used to measure, in situ, the temperature, size, and
velocity of individual burning coal char particles, from which kinetic parameters
describing the combustion of a given coal are derived. Partially reacted char particles
are also sampled and characterized to understand the physical and chemical
transformations that accompany coal combustion. The ultimate goal of the task is the
establishment of a data base of the high temperature reactivities of chars from
strategic U.S. coals, from which important trends may be identified and predictive
capabilities developed.

Research is divided into three subtasks, in accordance with the FY91 project plan:

SUBTASK 2.1 KINETIC ANALYSIS AND DATA COMPILATION
FOR THE PSOC COAL SUITE

Over the course of the PETC/Sandia Coal Combustion Science program, extensive
data have been obtained in the Char Combustion Laboratory (CCL) on the combustion
rates of chars from a suite of ten PSOC parent coals. An additional large body of data
has been obtained documenting the time-resolved rates of release of organic and
inorganic coal constituents during combustion. These data form a unique body of

information on the combustion behavior of chars from across the spectrum of
commercially strategic U.S. coals.

It is at this point highly desirable to compile this information into archival data
packages, so that the data and analyses may be a readily available resource for use by
coal scientists and by U.S. industry. The completed compilation will become the basis



for the identification of trends and the development of correlations and predictive
capabilities relevant to industrial combustion systems.

The archival data packages will contain the measurements of the temperature, size,
and velocity of individual burning coal particles as well as rates of release of organic
and inorganic coal constituents for each of the ten coals in the PSOC suite. The
compilation will also contain nth-order global kinetic parameters describing the
combustion rate of each of the coals. The global rate parameters will be used to make
a meaningful comparison of coal char reactivities over a broad range of temperature
and pressure and to establish correlations between coal char reactivity and properties
of the parent coal.

SUBTASK 2.2 THE EFFECT OF DEVOLATILIZATION CONDITIONS ON CHAR
REACTIVITY

In pulverized coal combustion the process of devolahlization determines, to a large
extent, the properties and thus the reactivity of the resulting char. The heating rate,
final temperature, and gas environment can affect devolatilization yields and the
chemical composition and physical structure of the char. Swelling coals, in particular,
produce a variety of char pzmicle morphologies ranging from dense consolidated
particles to thin or thick walled cenospheres, depending in part on devolatilization
conditions.

It is important to understand the influence of devolatilization conditions on char
reactivity in order to relate reactivities measured in the CCL to those in other
combustion systems with different heating rates and gas environments. Immediate
emphasis is placed on characterizing potential differences in the chars produced in
6 and 12 mole% 02 environments, as these differences impact kinetic studies of char
oxidation performed in the CCL.

SUBTASK 2.3 CHAR REACTIVITY AT HIGH CARBON CONVERSION

There are many factors that potentially contribute to the unburned carbon content of
flyash from industrial boilers, including:

● the presence of low-reactivity components in the coal

c thepresence of large particles in thesizedistributionfromthepulverizer
● encapsulationof carbonby fusedash
● particle trajectories through regions in the furnace having low oxygen

concentration or temperature.

Few studies have addressed this indusrnally important and technically challenging
problem due in part to the difficulties associated with generating and isolating
significant quantities of the residual carbon in highly reacted samples.
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The goal of Subtask 2.3 is to measure the reactivity of the residual carbon in highly
reacted samples and to understand its implications for the problem of unburned carbon
in flyash. To accomplish this goal, it is planned first to determine the mode of
occurrence of carbon in flyash, and secondly, to isolate the carbon from highly reacted
samples generated in the CCL or the Sandia Multifuel Combustor (MFC) and to
measure its combustion reactivity. The reactivity of the residual carbon will be
compared to the large body of existing data from the CCL at low to intermediate
conversions. This study will generate insight into the origin of residual carbon in
flyash and will suggest strategies for prediction and for remediation of the problem.

SUMMARY OF TECHNICAL PROGRESS DURING THIS QUARTER

In accordance with the FY91 work statement, activities during this quarter focused
entirely on Subtask 2.1. The technique developed in the previous quarter for
determining nth-order global kinetic parameters was applied this quarter to seven
coals from the PS OC suite of ten. This technique yielded nth-order global kinetic
parameters that successfully describe that data from both the optical and tracer
experiments.

For each of the seven coals, the complete set of combustion parameters were
determined, comprising the global kinetic parameters n, E, and A (reaction order,
activation energy, and preexponential factor), the burning mode parameter, a,
(describing the particle diameter evolution), the char structural parameters o and p.
(swelling factor and initial char density) and the product ratio parameters, Ac, EC
(which determine the CO/COZ product ratio). These sets of parameters were used to
calculate combustion rates, q, and burnout times, z50, for the coal chars under a chosen
set of standard conditions representative of the various environments encountered in
pulverized coal f--cd boilers. The presentation of combustion rates or burnout times
under chosen standard conditions allows a direct comparison of the reactivity of
various coals, something that is not possible from values of A, E, and n alone.
Further, the characteristic burnout times reflect the influence of not only A, E, and n,
but of all of the measured combustion parameters.
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SUBTASK 2.1 KINETIC ANALYSES AND DATA COMPILATION
FOR THE PSOC COAL SUITE

Introduction

In the previous quarterly report, an analysis was performed that identified the origin of
the distinct linear groupings of single-particle rate constants observed on Arrhenius
plots of data from the CCL. Based on the results of this analysis, a new technique
was developed for the extraction of meaningful nti-order global kinetic parameters and
was successfully demonstrated on the data for PSOC- 1508D, Pocahontas #3 low-
volatile bituminous coal. The goal was to develop and demonstrate a standardized
analysis technique for application to each of the PSOC coals. The existence of a
standardized prcwedure is vital to the internal consistency of the data and analysis
compilation and will iillow meaningful comparisons of the combustion properties of
different coals.

During this quarter, that technique was applied uniformly to data on the following
seven coals in the PSOC suite (in rank order):

PSOC-1516D Lower Kittaning Pennsylvania, lvb
PSOC-1508D Pocahontas #3 West Virginia, lvb
PSOC-1451D Pittsburgh #8 Pennsylvania hvb
PSOC-1493D Illinois #6 Illinois, hvb
PSOC- 1502D Hiawatha Utah, hvb
PSOC-1488D Dietz Montana subbituminous
PSOC-1443D Lower Wilcox Texas lignite

For each of the seven coals, the complete set of combustion parameters were
determined, comprising the global kinetic parameters n, E, and A (reaction order,
activation energy, and preexponential factor), the burning mode parameter, a,
(describing the diameter evolution), the char structural parameters O, p. (swelling
factor and initial cha density) and the product ratio parameters, AC, EC (determining
the CO/COz product ratio). These sets of parameters were used to calculate
combustion rates, q, and burnout times, z50, for the coal chars under a chosen set of
standard conditions representative of the various environments encountered in
pulverized coal-fired boilers.

Explanation of Combustion Parameters

In the following sections, the analysis techniques and the significance of each of the
individual combustion parameters is discussed, and results for PSOC- 1451,
Pittsburgh #8 coal are presented as examples.
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Global Kinetic Parameters A, E, and n.

The rate of char oxidation, q, (g C/s-m2-extemal surface) is deseribed here by a
kinetic law of the form:

q = k~ P# (2.1)
where

k, = A e(-E/RTP) (2.2)

A given coal has a unique set of values for A, E, and n, and this set is sufficient to
determine the instantaneous combustion rate of a particle with known physical
properties in thermal equilibrium with a specified environment.t The technique used
for extracting A, E, and n for a given coal is described in detail in the previous
quarterly report (Hurt and Hardesty, 1991). As discussed in the previous report,
this approach attempts to describe the combustion behaviour of “typical” particles
within a population of particles having differing reactivities and physical properties.
This simple approach has the advantage of yielding a single rate law (single set of
values for A, E, and n) for convenient incorporation in comprehensive combustion
models. This approach should be capable of adequately describing the overall
combustion behavior of any given coal at low-to-intermediate carbon conversions
(< 90%). It will be seen in a later section, that this approach does successfully
describe char combustion behavior in the CCL experiments, based on results from the
seven coals analyzed to date.

The reaction order, n, is obtained by minimization of the sum of square residuals in a
least-squares regression of Inks vs. TP. In cases where the data are clearly
insufficient to determine a statistically significant value of n, a value of 0.5 is
adop ted.t t Global kinetic parameters for PSOC- 1451, Pittsburgh #8 coal char are
presented, as an example, in Arrhenius form in Fig. 2.1.

Mode of Burning Parameter, u

The empirical mode of burning parameter, a, describes the evolution of the particle
diameter and density during combustion, according to:

(p /p. )daf = (~l~o Mf (2.3)

where pda~ is defined to be the mass of carbonaceous, or combustible material in the
particle, mc, divided by the particle volume. The accompanying expression for

t Assuming CO to the sole combustion product.

TT Based on the theory of reaction and diffusion in porous solids, and on extensive

data at lower temperatures, the reaction order is expected to lie between 0.5 and 1 for
carbon oxidation in zone II.
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Figure 2.1 Arrhenius diagram and global kinetic parameters for PSOC- 145 ID,
Pittsburgh #8 coal
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(2.4)

diameter, related to Eq. 2,3 by a particle mass balance, is:

where (1 - cz)/3is often referred to as the empirical parameter ~ (Mitchell, 1988). The
densities and particle masses in Eqs. 2.3 and 2.4 refer to the values on an ash-free
basis, which can be translated into particle densities and masses knowing the ash
content of the initial char.

The subscript “o” refers here to the tmreacted char, sampled at the point immediately
following devolatilization and at the onset of oxidation. The parameter u thus
describes the particle diameter evolution only during the char oxidation process. In
the CCL experiments, the properties of the chars sampled from the 6.35 cm
measurement height are used to approximate rno, do, and po. This approach is based
on the visual observation that this reactor position approximately marks the end of
devolatilization and onset of char oxidation for most coals,

The value of a affects the overall burning rate primarily by determining the particle
size and thus the available external surface area) at higher conversions. A value of 1
for a corresponds to constant diameter burning, while a value of O corresponds to
constant density burning or shrinking core behavior. The value of a determined is a
qualitative indication of the extent of internal reaction, related to the extent of 02
penetration into the particle; as c.t approaches unity 02 penetration depth and the
extent of internal reaction increase. The value of a is not, however, a quantitative
estimate of the amount of internal reaction, as other phenomena, such as
fragmentation and carbon densification (Eh.u-tet al., 1988) also influence the evolution
of diameter and density.

The measured particle density evolution for PSOC- 145 lD, Pittsburgh #8 coal char is
presented in Fig. 2.2 as an example, together with the predictions of the empirical
relation Eq. 2.3 for the optimum value of a, 0.1.

Char Structural Parameters

Although particle size and density often have a relatively weak influence on the
instantaneous oxidation rate, they are very important in determining the time required
for complete char combustion. As a determines the evolution of size and density with
combustion, we need only two additional combustion parameters lhat specify the
initial char size and density, immediately following devolatilization. For coal particles
of a given initial size, the average initial char particle diameter and density are
determined by the extent of volatile release and the extent of swelling. Both of these
parameters are highly rank dependent.

2-7



1.0

0.8
G
u
G

~ 0.6.-
m
c
:

~ 0.4
a)L
(u
Q
Q

< 0.2

0.0

PITTSBURGH #8 COAL CHAR (PSOC-1451 )

Coal Particle Size Range 106 - 125 ~m

.
4

●

~.
#

**
-**

A A
-m

A
--.0

. . . . . . ..- --- A
A

A 6% Oxygen environment

A 12% Oxygen environment

0-- density evolution for IX = 0.1

0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fractional Conversion, daf

Figure 2.2 Measured (points) and predicted (curve) density evolution for
PSOC- 145 lD, Pittsburgh #8 coal

To make predictions for coal particles of a given initial size, dc, the two combustion
parameters required are the initial char particle density, po, and the swelling factor, o:

m = doldc (5)

where p. and do are again taken to be the values at the 6.35 cm measurement height
in the CCL reactor. Values of 6) greater than unity correspond to swelling.

The initial char density, po, is directly measured by a technique involving the
measurement of particle bed density, as described in earlier quarterly reports. The
swelling factor can be calculated by one of two methods. In the first method, the ratio
is taken of the mean particle size determined by the coded aperture technique applied
at the 6.35 cm measurement height and the average of the initial particle size range
determined by sieving. This technique is inaccurate, as it forms the ratio of sizes
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determined by unrelated techniques operating on different principles. The second
method utilizes the measured densities and conversions at the 6.35 cm measurement
height according to:

~=4z= ()molmc In

dC
(2.6)

Polpc

where all properties in Eq. 2.6 are on an ash-containing basis. This technique was
applied uniformly to yield swelling factors under the rapid heating conditions present
in the CCL. Note that the use of @ to obtain a char size distribution from an initial coal
size distribution neglects any particle fragmentation occurring during devolatilization.
The char structural parameters for PSOC- 1451, Pittsburgh #8 coal char appear in
Table 2.1 as examples.

Product Ratio Parameters

There is evidence that both CO and C@ are primary products of coal char combustion
(Mitchell, 1988). Particularly at low combustion temperatures, some C@ may form
at or near the particle surface, affecting both the mass and energy transport to and
from the particle. Carbon dioxide formation tends to slow the reaction by requiring an
additional half mole of oxygen to diffuse through the particle boundary layer to gasify a
single mole of carbon. At the same time C02 production liberates more heat, raises
the particle temperature, and thus increases the rate of the activated heterogeneous
reactions. Depending on the properties of the particle and the gas phase, C02
formation may either increase or decrease the rate of combustion.

It has been observed (Mitchell, 1988) that some C02 formation must be assumed in
order to reconcile the measured particle temperatures with the overall burning rates
determined by the tracer techniques.
following empirical expression is used
product ratio:

co/co2

For the set of PSOC coals, therefore, the
to correlate the temperature dependence of the

= AC d-ECJRTp) (2.7)

Both AC and EC were adjusted for each coal to provide an adequate fit to both the
measured particle temperatures and the overall mass conversions determined by
tracer techniques. The product ratio parameters for PSOC- 1451, Pittsburgh #8 coal
char in Table 2.1 as examples and the fit to the measured mass conversions appears
in Fig. 2.3.
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Table 2.1
Summary of Combustion Parameters for PSOC-1451, Pittsburgh W Coal

Char oxldatlon rate parameters

~= A exp(-E/RTp ) P“

Pfvduct mtlo parameters

Coicq = Acexp(-&/RTP )

Bumlng mode parameter

p Ipo = (m/mo)m

d/dO . (m/~ ~1 - a)’3

Char structural parameters

(0 =doldc

(linear swelling factor)

P. “P at z = 6.5 cm

(Inltlal char particle density, daf)

A

E

n

Ac

&

a

(i)

Po,daf

29 gin-C / cm2-s-atmn

24 kcal / mole

0.5 *

●

4.OX1O 4

30* kcal / mole

0.1

1.10

0.385 gm I cm3

As an example, this parameter set yields a combustion rate, q, of 0.0032 gmkq.cm-sa~
for a 100pm particle In a gas with Tg = 1600 K containing 6 mole-% oxygen

Thess product ratio parameters yield 6 mole-% carbon dloxlde at 1900 K
and 15 mole-% carbon dloxlde at 1700 K

● These particular parameters should be regarded as emplricsl parameters u=ful
for the prediction of burning rates. They do not rrecessarlly have fundamental
significance or uniqueness for this data set.

Characteristic Times for 50?lo Carbon Conversion

Cha reactivities are reported both as combustion rates, q, and burnout times, c5~,
under a chosen set of standard conditions representative of the various environments
encountered in pulverized coal-fired boilers. A characteristic time for 50~0 carbon
conversion, z~~, can be defined as:

*Pd4-
TyJ =

qz AZ
(2.8)
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where mP,~~ is the mass of carbonaceous (combustible) material in the u~eacted char
particle, q25 is the oxidation rate per unit external surface area, and A25 is the external
surface are% both evaluated at 25% carkn conversion. Because the particle diameter
changes between O and 50% carbon conversion, q and A are evaluated at the midpoint.

An expression for t50 must be derived in terms of the set of combustion parameters
presented for each of the PSOC coals. The quantity TFlp,d.fis given@ [Po,duf ~3/61)
and A25 is equal to ti252 where d25 is the particle diameter at 25 YOcarbon conversion,

given by dO[(0.75)~]-a~J3].

Heat-up and
Devolatlllzatlon

Char Oxldatlon

F +
----- ----- ----- ----- ---- I

11

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

❑ In 6 mole “AOxygen

❑ In 12 mole “AOxygen

Increasing residence time ~
1 1 , , m n

n 1 1

0 5 10 15 20 25 30

Height above Burner Surface (cm)

Figure 2.3 Conversion profiles from combustion experiments in the CCL for
PSOC- 1451,-Pittsburgh #8 coal. Points tie determined by inorganic
tracer analysis on extracted samples. Curves are predictions using
the rate constants derived from optical measurements.
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Finally, relating do to the initial coal particle density by dO/dC = Q and substituting in
Eq. 2.8, the following expression for r5~ is obtained :

(wdCpO,@~=
12 qfi o.752(1-a)fi

(2.9)

The characteristic burnout time, T50, is thus seen to be a function of the instantaneous
combustion rate, q, (a function of A, E, n, AC, and EC), the swelling factor, @, the mode
of burning parameter, a, and the initial char density, Po,daf.Examples of burnout time
predictions are presented in Figs. 2.4-2.6.

0.

1

1

-<-----------
lGas Temperature 1500 Kl””””

I .x... ..diameter:j.

I

. ......... .

(
I I I I I I I I

I
I I I I I I

0.00 0.05

11 11

o.~o ‘

Partial PressureOxygen

Figure 2.4 Predicted times for 50% completion of
1451D, Pittsburgh #8 coal at 1500 K gas
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Because sw@ling behavior and initial char density are interrelated, we can define a
parameter, Po,dgf : ~Po,cw, a hypothetical char density in the absence of swelling.
For a given coal, Po,@ is determined by the initial coal density and the coal volatile
and ash content. Equation 2.9 can be rewritten as

dC~o,W
%“ (2.10)

12dqfi o.752(1-a)~

to show that particle swelling (m > 1) reduces the burnout time. The relative
importance of the kinetic and structural parameters to overall char reactivity will be

o.

0.0

2 --------------------------------- . ...............-----.--.--.....................--------------------------------.... ...............................................

. .... ......... .................
lGas Temperature 1750 K[”””

0.00 0.05 0.10 0.15 0.20

Oxygen Partial Pressure (atm)

Figure 2.5 Predicted times for 50% completion of char combustion for PSOC-
145 ID, Pittsburgh #8 coal at 1750 K gas temperature.
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Oxygen Partial Pressure (atm)

Figure 2.6 Predicted times for 50% completion of char combustion for PSOC-
1451 D, Pittsburgh #8 coal at 2000 K gas temperature.

discussed in more detail in the next quarterly report when the complete analysis set is
available.

Summary of Results

In this section the primary results for the remaining six coals (of the seven completed
to date) are presented, comprising Arrhenius plots, a summary table of combustion
parameters, plots of density vs. conversion, profiles along the reactor height of tracer-
calculated carbon conversions, and the burnout time predictions.
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- Reaction Rate (gm-C/sec-cm2-at m“ ) = k,P,n

k, = 10.5 exp (-20.5/RTJ

Reaction Order n = 0.5
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Figure 2.7 Arrhenius diagram and global kinetic parameters for PSOC-1516D,
Lower Kittaning coal
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Table 2.2
Summary of Combustion Parameters for PSOC-1516D, Lower Kittanning Coal

Char oxldWbn rate parameters A 10.5 gin-C / cm2-satmn

q = A exp(-E/RTP ) P“ E 20.5 keel / mole

n 0.5 ‘

PIvWct ratio patzimeters
A=

co/co2 . Acexp(-~/RTp ) no carbon dioxide production

~

Burning retie parameter

PfPo = (m/~)a
(1 - a)/3

d/do . (m/~) a 0.0

Char structural parameters

w = dOldc 63 1.27

(linear swelllng factor)

P. “P at z = 6.5 cm ‘o,daf 0.455 gm / cm3

(initial char particle denstty, daf)

As an example, this parameter set yields a combustion rate, q, of 0.0031 gmkq.cm-s
for a 100 ~m particle In a gas with T9 ❑ 1600 K containing 6 mole-% oxygen

● The= particular parameters should be regarded as empirical parameters useful for
the prediction of burning rates. They do not necessarily have fundamental
significance and /or are not necessarily unique for thle data set.
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Figure 2.8 Measured (points) and predicted (curve) density evolution for PSOC-
1516D, Lower Kittanning coal
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Heat-up and
Devolatlllzatlon Char Oxldatlon
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Figure 2.9 Conversion profiles from combustion experiments in the CCL for
PSOC-1516D, Lower Kittanning coal. Points are determined by
inorganic tracer analysis on extracted samples. Curves are
predictions using the rate constants derived from optical
measurements.
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Oxygen Partial Pressure (atm)

Predicted times for 50% completion of char combustion
1516D, Lower Kittanning coal at 1500 K gas temperature.
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Figure 2.11 Predicted times for 50% completion of char combustion for PSOC-

1516D, l.mwer Ki[tanning coal at 1750 K gas temperature.
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Oxygen Partial Pressure (atm)

Figure 2.12 Predicted times for 50% completion of char combustion for PSOC-
1516D, Lower Kittanning coal at 1750 K gas temperature.
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Figure 2.13 Arrhenius diagram and global kinetic parameters for PSOC- 1508D,
Pocahontas #3 coal

2-22



Table 2.3
Summary of Combustion Parametem for PSOC-1508, Pocahontas #3 Coal

Char oxldstkm rate psrsmetets I A

q= A exp(-E/RTP ) P“ I E

In

Product ratb pamfneters
AC

Colcq = Acexp(-~/RTP )
&

Burning mode parameter I

Char sttuctuml parameters

(II = dOl dc m

(linear swelllng factor)

f. = p atz=6.5cm ‘ojda

(Inttlal char particle denstty, daf)

59 gin-C / cm2-s-atmn

26 kcal / mole

0.75

3X108 ‘

60 ● kcal / mole

0.3

1.21

0.613 gm I cm3

As an example,this parametersat yields a combuetlon rate, q, of
0.00150 gmlsq.cm-s for a 100 ~m particle In a gas with Te = 1600 K
containing 6 mole-”A oxygen

These product ratb parameters yield 3 mole-% carbon dloxkte at 1900 K
and 15 mole-% carbon dioxide at 1700 K

● Theaa partkulsr parameters should be regarded as emplrbal parameters useful
for the prediction of burning rates. They do not n~aaarlly have fundamental
slgnlfkanca and/or are not unkfue for thla data set
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Figure 2.14 Measured (points) and predicted (curve) density evolution for
PSOC- 1508D, Pocahontas coal
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Heat-up and
Devolatlllzatlon Char Oxldatlon
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Conversion profiles from combustion experiments in the CCL for
PSOC- 1508D, Pocahontas #3 coal. Points are determined by
inorganic tracer analysis on extracted samples. Curves are
predictions using the rate constants derived from optical
measurements.
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Figure 2.16 Predictedtimesfor 50%completionof char combustionfor PSOC-
1508D,Pocahontas #3 coal at 1500 K gas temperature.
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Figure 2.17 Predicted times for 50% completion of char combustion for PSOC-
1508D, Pocahontas#3 coal at 1750K gas temperature.
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Figure 2.18 Predicted times for 50% completion of char combustion for PSOC-

1508D, Pocahontas #3 coal at 2000 K gas temperature.



1Reaction Rate (gm-C/sec-cm2-at m“ ) = ksP,n
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k, s 22exp (-22.5/RTJ

Reaction Order n = 0.5
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Figure 2.19 Arrhenius diagram and global kinetic parameters for PSOC- 1493D,
Illinois #6 coal
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Table 2.4
Summary of Combustion Parameters for EYiOC-1493, Illinois #%Coal

Char oxldatlon rate parametem A 22.4 gin-C / cm2-s-atmn

q= A exp(-E/RTP ) P“ E 22.5 kcal / mole

n 0.5‘

Product ratio parameters
A= 2.5x108 ●

Colcq = Acexp(-&/RTP )
E 60 ● kcal / mole

Burning mode parameter

P0. . (m/rn#

dl~ = (m/~ jl - ‘)’3 a 0.45

Char structural parameters

6) = do /dC 03 1.06

(lin*r swelllng factor)

Po = p atz=6.5cm Po,daf 0.385 gm I cm3

(Initial char particle density, daf)

As an example, this parameter set yieids a combustion rate, q, of 0.W41 gm/eq.cm-s
for a 100 ~m particie In a gas with To = 1600 K containing 6 mole-% oxygen

These product ratio parameters ylekf 3 mole-% carbon dloxlde at 1900 K
and 17 mole-% carbon dioxide at 1700 K

● These partkular parameters should be regarded as empirical parameters that are
useful for the predktlon of burning rates. They do not nmwrlly have fundamental

slgnlflcance and/or are not necessarily unique for this data sst.
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Figure 2.20 Measured (points) and predicted (curve) density evolution for
PSOC- 1493D, Illinois #6 coal
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Heat-up and
Devolatlllzatbn Char Oxldatlon
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Figure 2.21 Conversion profiles from combustion experiments in the CCL for
PSOC- 1493D,Illinois #6 coal. Points are determined by inorganic
tracer analysis on extracted samples. Curves are predictions using
the rate constants derived from optical measurements.

2-32



1

0.1

0.01

a--- ------------------ -----:--------------------7 ~~

. . . . . . .

lGas Temperature 1500 K[””””

Figure 2.22 Predicted times for 50% completion of char combustion for PSOC-
1493D, Illinois ##6coal at 1500 K gas temperature.
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Figure 2.23 h?.dieted timesfor50%completion of char combustion for PSOC-
1493D, Illinois #6 coal at 1750 K gas temperature.
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Figure 2.24 Predicted times for 50% completion of char combustion for PSOC-
1493D, Illinois #6 coal at 2000 K gas temperature.
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Table 2.5
Summary of Combustion Parameters for PSOC-1502, Hiawatha Coal

Char oxldwlon rate pammeters A chars reacted et their
dlffuslon Ilmlted rates In both

q= A exp(-E/RTP ) Pn E the 6 and 12 moleOA oxygen

n environments

Product EWOparameters
A= 3 X108 ●

Colcq = Acexp(-&/RTP )
EC 60 ‘ kcal / mole

Burning mode parameter

P/P~ . (m/~~ 0.25 in 6 mole-%
a

d/dO = (m/~ ~1 - ‘)’3 0.0 in 12 mole-%

Char stmctural parameters

(I)= do Idc m 1.06

(Ilnearswelllngfactor)

P. = p atz=6.5cm ‘o,daf 0.437 gm I cm3

(Inltlal char partick density,daf)

As an example,this parameterset ylekfsa combustionrate,q, of 0.00704gmkaq.un-s
for a 100 ~m patilcla in a gas with T9 = 1600 K containing 6 mole-% oxygen

These product ratio parameters yield 2.6 mole-% carbon dioxide at 1900 K
and 14.7 mole-OA carbon dloxlde at 1700 K

● Thess particular parameters should be regarded as emplrkal parameters, useful for
the prediction of burning rates. They do not nacea=rlty have fundamental
significance andlor are not necessarily unique for this data set.
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Figure 2.26 Conversion profiles from combustion experiments in the CCL for
PSOC- 1502D, Hiawatha coal. Points ar~ determined by inorganic
tracer analysis on extracted samples. Curves are predictions using
the rate constants derived from optical measurements.
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Figure 2.27 Predicted times for 50% completion of chm combustion for PSOC-
1502D, Hiawatha coal at 1500 K gas temperature.
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Oxygen Partial Pressure (atm)

Figure 2.28 predictedtimesfor50%completionofcharcombustionforpSoc-
1502D, Hiawatha coal at 1750 K gas temperature.
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Figure 2.29 Pralicted times for 50% completion of char combustion for PSOC-
1502D, Hiawatha coal at 2000 K gas temperature.



Table 2.6
Summary of Combustion Parameters for PSOC-1488, Dietz Coal

Char oxkiathm rate pammeters
A Chars burned at their

dlffuslon Iimlted rates
q= A exp(-E/RTP ) P“ E (zone 3) In both 6 and 12

n
mole-”A oxygen.

Product nvlo parameters
A= 5X108 ‘

colc~ = Acexp(-&/RTp )

E 60’ kcsl / mole

Burn~ng mode parameter

p/p. = (m/~ ~

dl~ = (m/~ jl - ‘)’3 a 0.25

Char stnwural parameters

(1)= do Idc 6) 1.04

(Ilrmar swelllng factor)

P. = p atz=6.5cm Po,@af 0.41 gm / cm3

(Initial char partkle density, daf)

As an example, this parameter set yields a combustion rate, q, of 0.0072 grnlsq.cm-eec
In a gas with a temperature of 1600 K containing 6 mole-% oxygen

These product ratio parameters yield an average of 7 mole-% =rbon dloxlde In the 6
mole-% oxygen environment and 1 mole-% carbon dioxide In the 12 mole-% oxygen
envlronemnt

● Theaa particular parameters should be regarded as emplrlcal parameters, useful for
the predktlon of burning rates. They do not necessarily have fundamental

significan~ andlor are not necmarily uniqua for this data act.
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Figure 2.30 Measured (points) and predicted (curve) density evolution for
PSOC- 1488D, Dietz coal
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Figure 2.31 Conversion profiles from combustion experiments in the CCL for
PSOC- 1488D, Dietz coal. Points are dete-tined by inorganic tracer
analysis on extracted samples. Curves are predictions using the
rate constants derived from optical measurements.
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Figure2,33Predictedtimesfor50%completionofcharcombustionforPSOC-
1488D, Dietz coal at 1750 K gas temperature.
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Figure 2.34 Prdicted times for 50% completion of chm combustion for PSOC-
1488D, Dietz coal at 2000 K gas temperature.
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1Reaction Rate (gm-C/sec-cm2-atmn ) = kxPSn

Reaction Order n = 0.5
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Figure 2.35 Arrhenius diagram and global kinetic parameters for PSOC- 1443D
LOwer Wilcox lignite
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Table 2.7
Summary of Combustion Parameters for PSOC-1443, Lower Wilcox Lignite

Char oxidwbn tare pammeters
A 12 gin-C / cm2-e-atmn

q= A exp(-E/RTP ) P“ E 19 kcal / mole

n 0.5 ‘

Ptvduct ratb parameters
A= 5X108*

co/co2 = Acexp(-~/RTP )
& 60 ‘ kcal / mole

Burning mode parameter

P00 = (m/~ )a
(1 - a)/3

dlcb = (m/mO ) a 0.3

Char sttuctuml patametem

6) = doldc 0 0.92

(Ilnearswellingfactor)

P. = p atz=6.5cm ‘o,daf 0.62 gm I cm3

(MM char partlclsidensity,daf)

As an example,this parameterset yieldsa combustionrate,q, of 0.0054 grnhq.cm-aec
for a 100 ~m particle In a gas with T~ ❑ 1600 K containing 6 mole-% oxygen

These product ratio parameters yield 3 mole-% carbon dloxlde at 1900 K
and 17 mole-% carbon dloxlds at 1700 K

● These particular parameters should be regarded as emplrkal parameters, useful for
the pradktlon of burning rates. They do not necemrlly have fundamental
slgnlflcanca and/or are not necessarily unique for thle data sst.
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Figure 2.36 Measured (points) and predicted (curve) density evolution for
PSOC- 1443D, Lower Wilcox lignite
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Figure 2.37 Conversion profiles from combustion experiments in the CCL for
PSOC- 1443D, Lower Wilcox lignite. Points are determined by
inorganic tracer analysis on extracted samples. Curves are
predictions using the rate constants derived from optical
measurements.
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Figure 2.38 Predicted times for 50% completion of char combustion for PSOC-
1443D, Lower Wilcox lignite at 15043K gas temperature.
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Figure 2.38 Predicted times for 50% completion of char combustion for PSOC-

1443D, Lower Wilcox lignite at 1750 K gas temperature.
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Discussion

A detailed discussion of the complete data/analysis set, including an identification of
reactivity trends, will appear in the next quarterly report. A few important points are
made here about the analyses presented to date.

For six of the seven coals investigated, the model of heterogeneous chemical kinetics
and transport phenomena adequately describes the data from both the optical
technique and from bulk analyses of extracted samples.t Two of the coils (PSOC-
1502 Hiawatha and PSOC-1488, Dietz) react at or very near their diffusion-limited
rates under conditions in the CCL experiments. For these coals, the assumption of
diffusion-limited burning is adequate to describe the particle temperatures as well as
the mass conversion determined by ~acer techniques. No values of A, E, or n can be
obtained in these cases. There is nevertheless much information to be extracted from
the experimental data in such cases, including burnout time predictions over a wide
range of conditions. The burnout time predictions for the diffusion-limited cases are
generated based on the following argument.

For PSOC - 1502 and PSOC- 1488, the CCL experiments established that the
combustion rate was within 5% of its diffusion-limit under each experimental condition
investigated. Specifically it can be stated for these coals that a 100 ~m particle reacts
at 95?70or greater of its diffusion limited rate at a gas temperature of 1600 K and an
oxygen particle pressure of 6 mole-%. If a reaction order of 1/2 and a typical
activation energy of 20 kcal/mol are now assumed, a preexponential factor can be
computed to arrive at 9570 of the diffusion-limited rate under this set of conditions.
This set of A, E, and n yield the slowest possible combustion rates under CCL
conditions that are still indistinguishable from diffusion-limited burning. Using this
parameter set, one can then determine the range of conditions (Tg, Pg, dp) throughout
which the combustion rate is within 10910of its diffusion-limited value. Within this
range the assumption of diffusion-limited burning will be adequate for these coals and
outside of this range no predictions can be made with the information available.

t psoc- IM3 Lower Wilcox lignite is an exception, for which the optical data cannot

be completely reconciled with the measurements of overall burning rate by ~acer
techniques. The tracer measurements are consistent with diffusion-limited
combustion, while the measured particle temperatures are indicative of somewhat
slower combustion and thus finite kinetics. The source of this discrepancy has not
been identified. Particle fragmentation or errors in the measurement of particle
density are possible explanations. In either case, Lower Wilcox lignite is a reactive,
low-rank coal that oxidizes at, or slightly below, its diffusion-limited rate under
conditions in the CCL. For the practical goal of predicting combustion rates of chars
from this coal, a set of kinetic parameters is presented that best deseribes the data
from both the optical and tracer techniques. This set of kinetic parameters should
yield an adequate prediction of the combustion rate for most purposes.
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For the ~-diffusion-limited cases, burnout time predictions are presented in the
parameter range: 0.03< Pg <0.21 ; dP = 50, 100, 150 ~m ; and Tg = 1500, 1750, and
2000 K. For the coals whose rates are diffusion-limited in the CCL, the calculation
indicates that burnout time predictions are still accurate for this same range with the
exclusion of the 50 pm diameter prediction at 1500 K. For 50 pm particles at 1500 K
gas temperature the diffusion-limited assumption may be in error by as much as 20%.

For each of the diffusion-limited coals, therefore, accurate burnout time predictions are
presented over the parameter range specified above, with the exclusion of the 50 pm
diameter prediction at 1500 K. There is, clearly, much information contained in the
single observation that a given coal reacts at its diffusion-limit during conditions
present in CCL experiments.

In most cases the inclusion of limited C02 formation at the lower temperatures found
in the 6 mole-% 02 environment results in an improved fit to the data. For some
applications, a kinetic expression may be required that does not account for C02
production. In such cases it is recommended that the same reported values of A, E,
and n be used, Sample calculations were performed which indicate that this approach
yields a reasonable approximation for the overall burning rate under conditions present
in CCL experiments. The particle temperatures do, however, tend to be
underpredicted when C02 formation is neglectd.

SUBTASK 2.3 CHAR REACTIWTY AT HIGH CARBON cONVERslON

During this quarter, the literature was reviewed on the topic of unburned carbon in fly
ash and on the evolution of carbon properties and reactivity during the combustion
process. Several experiments were also performed to identify the origin of the broad
distribution of single-particle temperatures observed at any one measurement
location. The goal of these experiments is to understand the relative contributions of:
(a) temperature measurement errors, (b) variations in physical properties, and
(c) variations in reactivity to the observed distributions of particle temperatures.

Char particles from PSOC- 1508D Pocahontas #3 coal were injected into a O% oxygen
environment and the distributions of (nonbuming) particle temperatures were
measured. The particle temperatures in O% Oz are not affected by reactivity
differences and can thus be used, in connection with our model of particle-gas
transport to calculate the particle-to-particle variability in physical properties. Having

thus characterized the variability in physical properties, the data in oxidizing

environments can be reanalyzed to quantify the particle-to-particle variability in
reactivi~. The data taken to date suggest that variations in reactivity are responsible
for much of the distribution of particle temperatures observed at low-to-intermediate
carbon conversion. At high carbon conversion, in contrast, much of the distribution is
believed to be attributable to the presence of extinguished or nearly-extinguished,
high-ash content particles near burnout (Mitchell, 1990). It is anticipated that the
observed particle-to-particle variations in reactivity have an important influence on
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carbon reactivity at high conversion. Kinetic rate expressions that account for the
particle-t~particle variations in reactivity are likely needed to accurately predict the
carbon content in fly ash samples from laboratory or commercial combustors. Future
work will need to carefully consider the connection between heterogeneity in the
particle population and unburned carbon content in fly ash.

PLANS FOR NEXT QUARTER

During the next quarter, kinetic parameters will be determined for the remaining three
coals in the PSOC suite and the data compilation will be completed. Under subtask
2.2, reactivity measurements will be performed on chars previously collected from the
CCL under various devolatilization conditions. Under subtask 2.3, results of the
literature search and scoping experiments will be used to formulate a research plan on
the topic of carbon reactivity at high conversions. The plan will identify research
priorities on both the fundamental and applied aspects of this problem and will serve
to define and delineate the related PETC and EPRI programs for FY92.

Reactivity measurements will also be performed on another proprietary coal-derived
product and the results will be reported to PETC under separate cover.

NOMENCLATURE

A preexponential factor
AC preexponential factor in the correlation for CO/C02 ratio
dO,& pmticle diameter or unreacted char, coal
E activation energy for the combustion reaction
EC activation energy in the correlation for CO/C02 ratio
kf rate constant
rnP.mC mass of particle, mass of carbonaceous material in particle
n reaction order
Pg partial pressure of oxygen in the bulk gas

9 combustion rate (g C/s-mZ-external surface)
R gas constant
Tg gas temperature

TP particle temperature

z height aboveburner

Greek symbols
a mode of burning parameter

Po! Pc P~icle densitY of Unreacted char! coal
~o,~a~, @ ash-free p~icle density,
Po,q initial daf char density corrected for swelling
Z50 characteristic time for 50% carbon conversion
6) swelling factor
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PUBLICATIONS, PAPERS, AND PRESENTATIONS

A manuscript entitled: “On the Combustion Kinetics of Heterogeneous Chzu Particle
Populations” by R. H. Hurt and R. E. Mitchell was submitted to the American
Chemical Society Fuel Chemistry Division in May- The manuscript will appear as a
preprint for the ACS meeting in New York, N-Y. in August 1991.

An article entitled “Role of Microporous Surface Area in Uncatalyzed Carbon
Gasification,” by R. H. Hurt, A. F. Sarofim (MIT), and J. P. Lmgwell (MIT) appeared
this quarter in Energy and Fuels, 5:2, 290 (1991).
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OBJECTIVES FOR TASK 3

The long-term objective of this task is to gain quantitative understanding of the rates and
mechanisms of selected aspects of mineral matter evolution, transport and deposition
under conditions relevant to pulverized coal combustion. These selected aspects of
mineral matter evolution include: ( 1) release of inorganic material from coal particles
during reactions of the organic and inorganic portions of the particle and by vaporization;
(2) changes in mineral matter composition during combustion; (3) size distributions of fly
ash formed during coal combustion; and (4) deposition of mineral matter on surfaces.
These aspects of mineral matter evolution will be studied as a function of coal and mineral
type, total ash loading, rate of organic and inorganic reaction, local gas conditions, and
time.

The focus of research during FY91 is on (i) the release of inorganic material during coal
devolatilization, (ii) the evolution of particle and fly ash size distributions, and (iii)
theoretical and experimental studies of ash deposition. Three subtasks are defined to
address these issues.

SUBTASK 3.1 RELEASE OF INORGANICMATERIAL DURING COAL
DEVOLATILIZATION AND CHAR OXIDATION

The goal of this subtask is to test the hypothesis that some inorganic species are
released from coal particles during coal devolatilization and char oxidation. Particular
focus is on mechanisms of release other than ash vaporization. Material release effected
by coal devolatilizahon involves the small-grained and organically-associated minerals,
many of which are strongly implicated in deposit formation in commercial-scale boilers.
Mineral release associated with inorganic reactivity includes thermally unstable or
chemically reactive material such as pyrite and calcite, both of which play significant roles



in deposit formation and properties. This subtask uses data collected in each of the three
coal reactors at Sandia and tests several ranks of coal at several rates of devolatilization.

SUBTASK 3.2 THE EVOLUTION OF PARTICLE AND FLY ASH SIZE
DISTRIBUTIONS

The goal of this subtask is to determine the extent of char fragmentation during pulverized
coal combustion. This is accomplished by measuring the particle size distributions of the
char and fly ash and relating these through a mathematical model. The model indicates
the number of fly ash particles generated per original char particle, both for the overall fuel
and as a function of size. These results are collected as a function of coal rank and of ash
loading. Also reported under this subtask is progress in evaluating and improving the
accuracy and precision of the computer-controlled scanning electron microscope
(CCSEM) technique for measuring mineral grain size and composition. CCSEM is the
basis of a great deal of current coal and fly ash characterization research in the US and
has the potential of providing unique and valuable insights into the evolution of particle
and fly ash size distributions.

SUBTASK 3.3 THEORETICAL AND EXPERIMENTAL STUDIES OF ASH DEPOSITION

Theoretical and experimental investigations of ash deposition are being conducted to
determine the elemental composition of deposits as a function of coal type, boiler
operating conditions, and deposit location within a boiler. The effect of deposit formation
on heat transfer efficiency through simulated boiler tubes and waterfalls is also being
studied. The mechanisms of deposit formation are being combined into an engineering
model that predicts elemental deposit composition.

SUMMARY OF TECHNICAL PROGRESS DURING THIS QUARTER

During this qumler, analyses of elemental release rates from a spherical oil agglomerate
product (SOAP) were conducted in the CCL. This work was done in cooperation with R.
H. Hurt. Overall mass loss is determined as a function of residence time within
approximate y 10 relative percent. From these data, the release of inorganic and organic
constituents of the SOAP are determined.

Of the eight major inorganic components of SOAP, only two were found to be released to
the gas phase in appreciable concentrations during combustion. These are sodium and
potassium, both alkali metals. At the latest stage of combustion monitored during these

tests (95 ins), approximately 35 and 50 percent of these elements, respectively, is
released.

Elemental release rates of the organic constituents is also presented, Hydrogen and
oxygen were found to leave the SOAP rapidly during devolatilization, leaving much
smaller fractions of the original mass of these elements in the char than of any other
elements. During char combustion, hydrogen and oxygen continue to leave the char and
continue to be the most highly depleted components of the original coal. Sulfur behaved
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similarly, although the preferential loss of sulfur is significantly lower than that for either
hydrogen or nitrogen. Fractional loss of nitrogen only slightly exceeds that of overall
mass. Carbon loss is slightly lags that of overall mass. These results are consistent
with similar calculations for pulverized coal under similar conditions.

Also during this quarter, analyses of char fragmentation were completd for coals with a
broad variation in rank, geographic origin, ash loading, and ash type. Results indicate that
the extent of fragmentation increases with increasing initial char diameter, decreases with
increasing ash loading, increases with increasing rank, and is sensitive to mineral grain
size distribution. These results are consistent with results reportedly earlier for a smaller
suite of coals.

SUBTASK 3.1 RELEASE OF INORGANICMATERIAL DURTNGCOAL
DEVOLAmLIZAmON AND CHAR OXIDATION

During this quarter, elemental release rates of organic and inorganic constituents of the
Spherical Oil Agglomerate Product (SOAP) prepared from an Illinois #6 coal were
completed. Release rates of the major organic and inorganic constituents were
determined for three samples of size-classified particles introduced into the laminar flow
reactor of the Char Combustion Laboratory (CCL). The samples were exposed to a
vitiated flow at approximately 1700 K containing 12 90 02 for residence times of 47, 72,
and 95 ms, respectively. Overall residual mass is determined by using silicon, aluminum,
and titanium as tracers. The tracer values are found to be consistent with one another
but, in the SOAP experiments, to differ systematically from the ratio of the coal fed to the
mass collected on the filter, with the latter being as much 50 90 lower than the hater
techniques. Therefore, the tnass balance numbers are not used in the analysis.

Size-classified (106-125 pm) samples of SOAP are used in this study. The samples are
derived from a drum of SOAP pellets shipped to Sandia by Asea Brown Boveri-
Combustion Engineering (CE) by way of PSI Technology Co. The elemental composition
of the size classified sample is indicated in Table 3.1. The composition of this size
classified sample is similar to that reported by CE for the overall sample with the
exception of the iron content. The CE results are also included in Table 3.1 for
comparison. The most probable explanation for the difference in iron content is that pyrite
(or other iron-containing minerals) is concentrated the relatively large 106-125 ~m size
fraction of the ground SOAP. (This postulate is supported by the sulfur analyses that will
be discussed later).

Figure 3.1 illustrates the residual particle mass as a function of time for this coal-derived

product.Resultsarepresentedonbotha totalmassanda dryashfree(da.f’)basis. The
error bars for the overall residual mass data indicate 95 percent confidence intervals in the
data as determined by comparing results from several independently measured tracer
concentrations (Si, Al, and Ti) and applying standard statistical techniques. Typically, the
overall mass loss is determined within 10 relative percent.

These mass loss data allow calculation of the fractional elemental loss of the components
of the particle. Results from these calculations are indicated in Figure 3.2. Figure 3,2a
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indicates inorganic materials that did not leave the coal in appreciable quantities. This
includes six of the eight major inorganic components indicated in Table 3.1. The elemental
composition of the raw material was measured only once and no experiments were
repeated. This prevents calculation of error bars for the elemental mass loss data by
normal procedures. This probably also accounts for the small but nearly constant
deviation of some of the elemental release data from the zero baseline. That is, a small
error in the original concentration of one of these components will produce such results
(SiOz and Ti02 are examples in these data).

Table 3.1

Analysis of the inorganic components of the 106-125 pm size fraction of SOAP
(Sandia results) compared with an analysis of the overall composition of the

inorganic components of SOAP [Nsakala et al., 1991]

Oxide Sandia Results CE Results

%of Dry cod % of Ash % of Dry coal % of Ash

Si02 1.600 33.4 1.73 41.1

A1203 0.775 16.2 0.85 20.3

Ti@ 0.102 2.1 0.11 2.56

Fe203 2.040 42.5 1.10 26.2

CaO 0.142 3.0 0.15 3.47

Na20 0.055 1.1 0.10 2.35

K20 0.062 1.3 0.10 2.45

MgO 0.052 1.1 0.060 1.43

Sum of Oxides 4.8 100.7 4.20 99.9

Total Ash 4.8 100 4.21 100

Sodium and potassium, the only alkali metals whose concentrations are monitored, are

observed to leave the particles k significant quantities, as illustrated in Figure 3.2b.
During the f~st 100 ms of combustion, approximately 50 percent of the potassium and 35
percent of the sodium escapes the reacting samples. The mechanism by which these
elements leave the SOAP is probably associated with convective transport by coal
volatiles and tar during the first 50 ms, but is most likely a vaporization process
thereafter.
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Figure 3,1 Mass loss data for a 106-125 pm size fraction of the spherical oil
agglomerate product (SOAP) in the CCL in a 12 mole percent oxygen
environment.

The elemental release rates of the remaining components of the SOAP during combustion
are illustrated in Figure 3.3, where the fractional mass loss is plotted against total overall
daf mass loss. An indication of the initial amounts of each of these elements, for both the
106-125 pm size fraction and for the unclasstiled product, is included in Table 3.2. Note
that the sulfur determination in the Sandia results is not done by difference as is common
in many analyses. Therefore, the sum of the elemental analysis does not equal 100
percent. The significantly higher sulfur content in the Sandia sample is consistent with
the indication from the inorganic analysis that the coal contains a higher pyritic iron
fraction. The higher oxygen content of the Sandia sample probably is an indication of
weathering. Otherwise, the two samples are quite similar.

The data indicate that the total amount of hydrogen and oxygen released from the coal
particle at the indicated stages of overall burnout is significantly higher than the overall
mass. Similarly, total sulfur release is somewhat higher and total nitrogen release
slightly higher than overall mass at these stages of combustion. Total carbon release is
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slightly lower than overall mass release. XIIeach case, these data are consistent with
similar data collected in the CCL for coal particles.

In summary, the combustion behavior of SOAP appears similar to that of pulverizal coal
when viewed from the perspective of elemental release rates of the inorganic and organic
constituents.

Data packages summarizing other work performed in the CCL in support of this subtask
are being prepared. These packages include the complete statistical analyses of the
release rates of the organic and inorganic species as a function of particle residence time,
local oxygen concentration, and coal rank. These data packages are discussed in more
detail under Task 2 of this repofi.

Table 3.2

Analysis of the or~anic components of the 106-125 ~m size fraction of SOAP (Sandia
results) compared with an analysis of the overall composition of the organic

components of SOAP [Nsakala et al., 1991]

Oxide Sandia Results CE Results

As Received Dry Ash-Free % D~ coal Dry Ash-Free

c
H

o

N

s

Moisture

Ash

Total

72.4 77.33

4.42 4.72

12.97 13.85

1.4 1.50

3.26 3.48

1.57

4.80

100.82 100.88

75.7 79.10

5.8 6.06

9.9 10.34

1.5 1.57

2.8 2.93

4.3

100.0 100.0
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Figure 3.2 Elemental release rates of the inorganic components of SOAP. Only
the alkali metals are observed to leave the coal particles in significant
quantities.
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Figure 3.3 Fractional elemental mass loss as a function of normalized total mass
loss (daf) for the SOAP particles.

SUBTASK 3.2 THE EVOLUTION OF PARTICLE AND FLY ASH SIZE
DISTRIBUTIONS

During this quarter, work continued to determine the extent of char fragmentation and the
resulting fly ash size distribution for several coals and coal blends. To date, the total
number of coals investigated is ten. Coals used in the study range in rank from lignites to
bituminous, and range in ash content from 5 to 22 %.

One of the unique aspects of these investigations is the use of the same in situ sizing
technique to determine both char and fly ash particle sizes. Experiments are conducted in
the Multifuel Combustor (MFC) using utility-grind, pulverized coal in an environment
simulating that of a utility-scale boiler. Size distributions are measured immediately after
coal devolatilization and at the end of char combustion (greater than 99% daf burnout as
determined from hater analysis of solid samples).

The extent of char fragmentation, as indicated by the number of fly ash particles formed
per char particle, is found to depend on (in order of importance): (1) char structure, (2)
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initial char particle size, (3) ash content, and (4) mineral grain size distribution. The first
three dependencies are clearly indicated by existing data. The fourth is postulated
pending further investigation of mineril grain size distributions in these coal samples.

The analysis of the data collected from the MFC is similar to a previously published
model of char fragmentation [Baxter, 1991; Baxter, 1990a]. This analysis is briefly
reviewed here. The experimental design is also briefly reviewed. The bulk of the
discussion centers on the results and their implications.

Theoretical Analysis

The fragmentation model described below relates the initial char (not coal) feedstock and
final fly ash size distributions. The model is written in terms that are convenient for
laboratory analyses. That is, the char particles have physical properties that can vary as
a function of size but, at a given size, are described by a single-valued function. Particle-
to-particle variations in physical properties at a given size are neglected. Also, transient
developments in particle size distributions, as discussed by many of the previously cited
authors, are neglected. Size dishibutions of the initial char and final fly ash can be
related, in general, through a particle number balance.

(3.1)

The functions n’= and n’c represent particle concentration density functions for fly ash and
char, respectively, with typical units of particles/(m3 ~m). Dummy variables x and y are
used in the integrands to represent fly ash (da) and char (dc) particle diameters,
respectively. Integration of n’ with respect to particle diameter represents the cumulative
concentration of particles with sizes between the limits of integration. Thus, the integral
on the left represents the total concentration of fly ash particles with diameters larger
than dal and smaller than da.

The function g(xly) is a conditional fly ash particle size distribution (psd); It indicates the
ultimate size distribution of fly ash particles formed from a char particle with initial size y.
This represents the only portion of the above equation that is not determined
experimentally in this investigation.

Severalpublishedtheoreticaland experimentalresultssuggestgeneralformsof the
function. One example [Quann and Sarofim, 1986] provides data from which g(xly) can be
determined for one char particle size. In that study, coal particles were mechanically
sieved to a 140 pm nominal diameter and combusted at a particle temperature of about
2000 Kin a 20 % @ environment. The number of fly ash particles generated was deduced
as a function of fly ash particle size.
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The function g(xly) for the data of Quann and Sarofim [1986] can be generated by
differentiating the cumulative size distribution with respect to particle size. This is
illustrated in Figure 3.4. The linearity of the data when plotted in this way suggests that
the the data follow a power-law distribution, i.e.,

g(xly) =

where x I and X2 represent the

/4) y x~ forxl(y)Sx Sx2(y)
(3.2)

lo
.,

otherwise

diameters of the smallest and largest fly ash particle
generated, respectively. This conditional psd describes a power-law size distribution
between the limits xl and X2 for fly ash particles generated from each char particle of size
y. Note that this functional form can only describe the results from an ensemble of initial
char particles with size y. The functional form of g for a single chu particle is series of
Dirac delta functions.

10’0
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Figure 3.4 Power law
disrnbution.

function g(xly) correlated with the power-law size
Original data are from Quann and Sarofim [1986].
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Values for a and b of 3260 and -3.21, respectively, fit the data of Quann and Sarofim
[1986] with a coefficient of determination [Canavos, 1984] (rz) greater than 0.99 (in
logarithmic coordinates with x expressed in microns). The original data of Quann and
Sarofim have been recast in number density form, and this correlation is compared with
these recast data in Figure 3.4. The authors state that the smallest particles (those
smaller than about 0.6 Lm) are generated by vaporization-recondensation mechanisms,
whereas the larger particles are believed to be generated by surface drop shedding or
disintegration of char structures. If the data at sizes smaller than 0.6 pm are eliminated,
values for a and b of 2370 and -2.95, respectively, flt the remaining data, also with a
coefficient of determination greater than 0.99. Therefore, the functional form for g(xly)
given by Eq. 3.2 represents at least this set of data regardless of the mechanism of
fragmentation and the value of b used in the conditional psd can be assumed to be
approximately -3.

Results of a percolation model of char fragmentation [Dunn-Rankin and Kerstein, 1988]
provide further theoretical motivation for this functional form of this conditional pdf. This
formulation has been used in other theoretical studies of the transient evolution of char
particle size distributions [Kerstein and Edwards, 1987].

A mass balance on the fly ash determines the function a(y), as follows:

where p represents density, m represents ash mass fraction, and Ax represents X2-X1.
Note that the density of the initial char particle (pC) represents the density of the total
particle, not just the organic portion. Also, the density of the final ash particle and the
ash mass fraction in the char particle (Pa and ~a, respectively) represent values of ash, as
opposed to the mineral matter from which the ash is formed. It follows from Eq. 3.3 that,

*)= @b) PcY3
p. Ax(j)

(3.4)

For convenience in determining the upper and lower bounds of g, a parametric function ~(y)
is designated the fragmentation factor and is defined as follows:

()cl)= pc m

f(y) ~ p“ y
X2 (3.5)

The numerator represents the size of the fly ash particle that obtains when all of the ash
in a char particle coalesces, i.e., no fragmentation occurs. The function f equals the ratio of
this hypothetical size to the size of the largest fragment actually generated from a char
particle (x2); f increases with an increase in the extent of fragmentation. In the limit of no
fragmentation, f is unity, independent of either initial
dependencies in either p or (i). (This statement may
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dependence off on y indicated in @. 3.3. However, in the case of no fragmentation, this
explicit dependence cancels with the implied dependence of X2 and of the physical
properties on y.) In general, f is expected to be greater than or equal to 1. The parameter
~ indicates the extent of fragmentation in that it increases as the extent of fragmentation
increases. If char were to produce a monodispersion of fly ash particles as a consequence
of fragmentation, the total number of fragments produced would be equal to fs.

A second function s(y), designated the fragment size ratio, is defined as

xl (y)s(y) = —
Xz(y )

(3.6)

and represents the mode of fragmentation in the sense that s decreases as the range of
fragment sizes produced from a char particle increases. If there is no fragmentation, both~
and s are unity. As s decreases from unity toward zero, the range of sizes of fragments
produced from a single char particle increases.

Equation 3.2 can be written in terms of the parameters f and s as

g(xly)= [

Io otherwise

yielding

f~g(x,y)h=~fi)+-( fi[(tin(g~,~~)r-(+r]o)+

“ (-{(

3
1- ‘2

)1 )
2,0

m 2(1-s) max(xl, da)

(3.7)

(3.8)

where s, f and X2 depend on y. The second term on the right side is negative for all y
where dal > xl and the third term is negative for da < x2. Otherwise, both terms are
zero. If all particle sizes are included in the integration (da 1 = O and & lager than the
largest char or fly ash particle in the stream), the only nonzero term on the right side of

theequation is the first term, which represents the ratio of the total numbers of fly ash
and char particles.

In general, both f and s depend on initial char particle size y. However, the qualitative
relationship between initial char and fly ash particle size distributions is conveniently
illustrated by assuming that f, s and the ratio (~ pc )/pa are independent of initial char
particle size and can be treated with average values. This means the char particles are
homogeneous, or size-invariant, with respect to both their physical properties and their
fragmentation properties
represent by statistical

and that the behavior of particles in a given size range can be
averages of properties. Under these assumptions,
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(3.9)

and

xl = Sxz=psy (3,10)

where p is independent of y and typically has a value of order 0.5 or less. This allows the
integral of the conditional psd to be expressed analytically in terms of y only. If all ash
particles are included in the integration (dal = O), the relationship between char and fly
ash concentration distributions can be written as

A linem transformation of this equation relates directly to the experimentally measured
cumulative particle size distributions reported later. This transformed expression is

fcao foo rd

Ku (d)=

J
n’a(X) d =

d J o

where the integral from O to ~ is a constant
defines the function KC for the char particles.

da (x) (ix - Jn’=(X)h (3.12)
o

(independent of da). A similar expression

‘C(d)=rn’cb)d=[n’cb(3.13)

These cumulative distributions will be used in the discussion of the experiments that
follows.

Dependence of the fly ash psd on the extent of fragmentation ~ under these assumptions
is straightforward; the ratio n ‘a/fj is independent off when plotted as a function of the
dimensionless size pd.. Dependence on mode of fragmentation (s) is more complex. This
is discussed in more detail elsewhere [Baxter, 1991; Baxter, 1990].

Limiting forms of Eq. 3.1 other than Eq. 3.11, are useful to consider. If the initial char
particles are monodisperse (n‘Cis a Dircac delta function), the integral on the left
represents the total number of fly ash particles produced per char particle. Assuming
Eq. 3.2 as the appropriate description for g, the total numkr of fly ash particles generated
per char particle becomes

(3.14)
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Eq. 3.14 indicates the dependence of the number of fly ash particles on the parameters ~
and S. For a given value off, the number of fly ash particles increases dramatically as s
decreases. (Recall that s is always less than or equal to 1). Similarly, as f increases for
a given value ofs, the total number of fly ash particles increases as fs.

The valid range of the functions f and s illustrate that this theoretical approach is
applicable only to ensembles of particles, not to individual particles. For example, when
the ash in an individual particle coalesces to form a single fly ash particle (f= 1), there is
only one size fly ash particle producd (s = 1). However, only a fraction of the particles in
an ensemble of nominally identical char particles may behave this way. Therefore, f can
assume a value of unity for the ensemble without limiting the range of values s can
assume. In the application of this theory in this paper, the only theoretical limitations on
these two parameters are that f > 1 and s S 1. The functions are independent of each
other.

Experimental Conditions

The Multifuel Combustor (MFC) and a Particle Counter Sizer Velocimeter (PCSV) are
the primary experimental facility and diagnostic, respectively, used in this examination.
The MFC provides careful control of gas temperature and composition in a long-
residence-time facility. The MFC was operated at a firing rate of 0.07 MBtu/hr with
overall oxygen concentrations varying from 5 to 3 mole 910 during char oxidation, conditions
similar to commercial-scale boiler operation. Particle residence time is varied by moving
the location of the coal injection lance to various ports along the length of the combustor.

The PCSV performs in situ measurements of particle frequency (count), size and speed at
the base of the combustor, The PCSV is based on near-fonvard light scattering from
laser beams focused at the center of the reactor flow. Two laser beams are used, one for
large particles (> 3 pm) and the second for small particles. The measurements are based
on individual particles passing through an approximately ellipsoidal diagnostic volume
with a major axis of about 1 mm and minor axes of approximately 300 ~m for one beam
and 50 ~m for the second. The diagnostic is discussed more fully in the literature [Holve
1983].

We determined the accuracy of the instrument by passing monosized standards through

the diagnostic volume and comparing the measured particle sizes with the known actual
sizes, Standards used included glass beads entrained in air and transparent discs etched

in an opaque retie ule. The standards vzu-ied from 0.6 to 60 pm and indicate that the PCSV
reports particle sizes within one size bin or 0.1 pm of the correct size, whichever is larger.

The precision of the data is determined by repeating measurements of coal and fly ash in
the MFC under nominally identical conditions and computing coefficients of variation from
the results. At least five and as many as twelve replicate experiments were performed
for each coal at each sampling height. The coefficient of variation thus determined
includes experimental uncertainty as well as actual fluctuations due, for example, to
turbulent fluctuations and variations in coal feed rates. The impact of such fluctuations on
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the data can be minimized by computing the total mass flowrate from the measured
particle concentrations and normalizing all the results to this value. Cotildence intervals
presented below are based on these measured coefficients of variation and standard
statistical techniques.

The upper and lower detection limits of the PCSV are determined in these experiments by
the points at which the agreement among the repeated tests becomes poor, as indicatd
by the statistical confidence intervals. The lower limit is 0.4 -0.7 ym and is controlled
primarily by signal-to-noise levels in the detector. The upper limit is controlled by
sampling statistics in this experiment. Approximately 160,000 individual particles were
sampled per measurement, and each measurement was repeated 5 to 12 times. Under
these conditions, the upper detection limit is about 100 ym.

Reasonably complete analyses of the coals used in these experiments are included in the
appendix. The data in the appendix include all of the coals used in the program to date.
There are several samples of coal with the same name. These are distinguished by
numbers, for example, Kllinois #6 (2) is a different coal sample than Illinois #6 (1).

The nominal conditions under which these experiments were conducted are summarized in
Table 3.3. Under these experimental conditions, the particles form a dilute phase in the
gas, with the total particle volume fraction far less than one percent of the overall gas
volume. Consequentially, the probability of particle-with-particle collisions producing
agglomerated fly ash is vanishingly small.

Table 3.3

Typical Local Gas and Particle Properties in the MFC at the Initial Char and the Fly
Ash Measurement Locations

Property Initial Char Fly Ash

Gas temperature (“C) 1100

Oxygen mole fraction 0.06 0.04

Particle residence time z (s) 0.2 2.1

Particle burnout (daf) 0.65 0.99+

Particle temperature (“C) 1250
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Coals and Coal Properties Studied

Analyses of all of the raw coals used in this study were completed this quarter. (These
analyses are recorded in the appendix and were performed as a contribution in support of
this research by Consol, as described in more detail in the Technology Exchange section
of this report. These analyses include (where relevant): (1) moisture content; (2)
proximate analysis; (3) ultimate analysis; (4) ash chemistry; (5) ash fusion temperatures
under reducing and oxidizing environments; (6) sulfur forms; (7) particle size distributions
determined by sieves; and (8) particle size distributions determined by Malvem optical
analyses. In virtually all cases, the data are averages of several replicated
measurements. The statistical analysis of the data is completed but is not presented in
the appendix. The statistical certainty with which the chemical and physical properties of
the raw coal are known are used in determining error bars for experiments and, in the
future, for predictions.

The range of coals and coal properties indicated in the appendix covers the range of
commercially significant steam coals rather thoroughly. Coals from essentially every
major coal producing region of the US are represented. There are no samples of very high
rank (low volatile bituminous coals or anthracites) among the coals indicated in the
appendix.

Fragmentation data have yet to be collected for a few of the coals in the appendix.
However, data have been collected for representative coals of every major rank and field
and these are presented below.

Experimental Results and Discussion

Data derived from many coals are presented below. The discussion will first contrast a
typical swelling coal (Pittsburgh #8) and a non-swelling coal (Roland coal). Results from
the remainder of the coals will be presentwi in the context of the results from these two
coals and will be shown to be consistent in their interpretation.

Cumulative size distributions for char and fly ash particles generated from the Pittsburgh
#8 (2) coal are illustrated in of Figure 3.5a. The mean value of the several measured
distributions is indicated together with 95% confidence intervals. The coefficients of
variation (standard deviation divided by mean) used in computing the confidence internals
are illustrated as a function of particle size in Figure 3.5b. These experimentally

determined coefficients of variation are largest at small particle sizes. Light scattering
intensity is lowest for small particles and is most influenced by experimental error
(detector noise, beam steering, etc.), giving rise to higher coefficients of variation.

The data illustrated in Figure 3.5 are representative of all of the coals studied. Only the
final results of the fragmentation analysis will be presented for the remainder of the coals
studied.
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The confidence intervals are largest for the submicron-sized char particles. These,
however, are of little consequence to the analysis since they form fly ash particles too
small to reliably detect with this technique. Over the range of char and fly ash particle
sizes of interest in this study, the size distributions are determined within approximately
* 20 relative percent accuracy. The confidence intetvals are much smaller over most of
the range of interest.

Using these data, the fragmentation factor ~ is computed according to the equations
indicated in the preceding discussion. The only quantity not determined from the
measurements is s. Figure 3.5a illustrates the computed value of ~ for an assumed value
ofs of unity. This is equivalent to assuming that equal-sized fly ash particles form from a
char particle of a given initial size. While this assumption is probably not realistic, it is
convenient for engineering models (such as ADLVIC) that incorporate fragmentation
behavior.

As is illustrated in Panel (a) of Figure 3.5, the value of the fragmentation factor
significantly exceeds unity only at initial char particle sizes larger than 30 p.m. The size of
fragments generated by the fragmentation of these large particles is indicated by the
second abscissa at the top of the figure. Fly ash particles generated through
fragmentation are concentrated in the 10 ym size range.

The fragmentation factor should range from 1 to larger values, as can be seen from its
definition @q. 3.5). The experimental measurements indicate a fragmentation factor as
low as 0.7 in some regions of char and fly ash sizes. This is probably associated with
variations in the char density and ash mass fraction and the fly ash density as a function
of particle size. Reliable information concerning the particle size variation of these
physical properties is not available for this coal. Therefore, the properties were assumed
to be equal to their average values at all particle sizes. Considering that the
fragmentation factor is derived entirely from experimental data, this small deviation of the
experimental value below its theoretical limit is viewed as only a minor concern in these
results.

Results from similar measurements and analyses for a Roland-seam coal are illustrated
in Figure 3.6. The ordinates of the two panels in Figure 3.7 are scaled the same as those
in Figure 3.6 to allow a direct comparison. The lower-rank Roland coal is seen to
fragment less extensively than the Pittsburgh #8 bituminous coal. This is consistent with
our previous results and with the postulate that fragmentation is strongly influenced by
char structure [Baxter , 1991]. Coals that form chars that are cenospheres or

‘mesospheres’ (have very large voids) are more likely to fragment because they have
inherently unstable structures as they burn out. Such is the case with high volatile
bituminous coals. Chars that do not fo~ cenospheres, such as the Roland coal, are
stable as the char particles burn out, The fragmentationdata reflect the stability of the
char structurein that there are few fragmentsformedper originalchm particle.
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The comparison of the Pittsburgh #8 and Roland coals is representative of the remainder
of the coals we have studied. Data for additional coals and coal blends are illustrated in
Figures 3.8 through 3.11. These data are consistent with earlier observations, i.e., the
extent of fragmentation generally increases with increasing char particle size, is greater
for chars that are cenospheres than for more dense chars, and decreases with increasing
ash loading. These general characteristics are consistent among all of the data.
However, there are details of the data that need further explanation.

Data for the Utah Blind Canyon coal, which is is borderline between hv A and hv B
bituminous, indicate little fragmentation at any particle size, much the same as the Roland
and other subbituminous coals and lignites studied thus far. When compared to the other
bituminous coals, the behavior of the Blind Canyon cod appears anomalous. This is only
an apparent anomaly, as can be verified by a more detailed investigation of the chemistry
of the Utah Blind Canyon coal.

Figure 3.12 indicates the detailed chemical structure of coals from many of the same
seams studied in this experiment, including the Blind Canyon coal. These data are taken
from published NMR spectroscopy results [Solum et al., 1989] and are from the Argonne
premium coal bank, not the samples of the coals we studied here. The Blind Canyon coal
in the Argonne coal bank is chemically more similar to the lower-rank subbituminous
coals and lignite than it is to even to the hv B bituminous samples. There are no samples
of hv C available for comparison in these data. We postulate this chemical difference is
the reason for the different fragmentation behavior. Coal rank is based solely on heating
value and moisture content for these coals (as determined by ASTM D38 8-36) and is
only a crude indicator of the actual chemical structure of the raw coal.

The influence of ash loading on fragmentation behavior can be seen by comparing the
Illinois #6 (2) coal with the Illinois #6 (1) coal results. The latter results were reported
earlier and are repeated with the Kentucky W and Beulah lignite results in Figures 3.13
and 3.14 for comparison. Note that the same trends with respect to rank and ash loading
are obsemed in the two sets of data.

There are several details of the fragmentation behavior that have yet to be satisfactorily
explained. For example, our earlier work showed a strong comelation between the size of
the mineral grains in the coal and the fly ash sizes at which fragments were generated.
The detailed CCSEM characterizations for the coals whose behavior is recorded in
Figures 3,4 through 3.11 has yet to be completed. At this point we can only hypothesize
that the details of the fragmentation behavior in, for example, the Decker coal are related

to thesizedistributionof themineralgrains.Thismayalsobetheexplanationwhythe
highest rank, lowest ash coal (Pittsburgh #8), shows less extensive fragmentation
behavior than some of the higher ash bituminous coals.
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Summary

The fragmentation data investigated thus far show consistent trends in that: (1) large
char particles produce far more fly ash particles than small char particles; (2) the extent of
fragmentation tends to increase with increasing coal rank through hv bituminous; (3) the
extent of fragmentation tends to decrease with increasing ash loading; and (4) in all cases
studied thus far, the total increase in the number of particles greater than 0.6 ym in
diameter by char fragmentation is less than a factor of two.

These general trends have been established for a significant number of coals over a broad
range of rank, ash loading, and particle size. These results indicate substantial
agreement between experimental results previously thought to be in disagreement. A
mechanistic description has been presented that successfully anticipates the trends in the
data. Significant additional work needs to be performed to establish quantitative
relationships between fly ash chemistry and size and mineral grain size distributions.
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Future Work

All of the data presented thus far have been analyzed assuming a value of the size ratio,
S, of unity. This assumption is not critical to the evaluation of the extent of fragmentation.
Analyses of the same data when the size ratio is assumed to scale with the initial char
particle size (a more realistic assumption) will be completed and reported in the future.
Preliminary results indicate that this will not alter the qualitative observations, i.e., that
the extent of fragmentation increases with increasing initial char particle size, decreases
with increasing ash loading, and increases with increasing rank (up to bituminous). It
does, however, significantly alter the number of fly ash particles predicted to form from a
given size initial char particle, in particular for large pmicles.

SUBTASK 3.3 THEORETICAL AND EXPERINIENTAL STUDIES OF ASH DEPOSITION

Improvements to the ADLVIC ash deposition code are being incorporated. These include
establishing more fundamental relationships between the propensity of a particle to stick
to a surface and its chemical/physical transformations during combustion, incorporating
the kinetics of heterogeneous reactions with ash deposits, and validating the model
predictions by comparison with several additional sets of data. These changes will be
discussed more fully next quarter.

Ash deposition experiments in the MFC are also progressing. Significant equipment
repair and maintenance of the MFC were completed this quarter.

TECHNOLOGY EXCHANGE FOR TASK 3

Sandia, Livermore is involved in two close collaborations with industrial partners. The
purpose of these interactions is to gain access to large pilot scale and commercial-scale
equipment and data from this equipment with which to validate fundamental
understanding of fly ash formation and ash deposition processes being developed under
this program. In these collaborations, the industrial partners supply coal samples,
chemical analysis and physical characterization services, access to large pilot-scale and
commercial scale facilities and data from these facilities, and industrial perspective of the
most significant aspects of ash deposition. In exchange, Sandia shares research results
ansing from this program. Evaluation and interpretation of results is conducted jointly.
Several personnel exchanges have also occurred during critical portions of

experimentationor model development,

COLLABORATION WITH CONSOL

During this quarter, approximately 80 analyses of samples of coal, char, fly ash, water
wall deposits, and deposits on tubes in cross flow collected in the MFC were returned
from Con sol. These analyses include: (1) moisture content; (2) proximate analysis; (3)
ultimate analysis; (4) ash chemistry; (5) ash fusion temperatures under reducing and
oxidizing environments; (6) sulfur forms; (7) paticle size distributions determined by
sieves; and (8) particle size distributions determined by Malvem optical analyses.
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COLLABORATION WITH CENTRAL ILLINOIS PUBLIC SERVICES

Collaborations with Central Illinois Public Services (CIPS) center around combustion
tests in utility-scale boilers.

CIPS is helping evaluate the ash deposition code by providing data and services from
utility-scale facilities regarding ash deposit properties as a function of location in the
boiler, coal type, and boiler operating conditions. Data are collected during regularly
scheduled test burns of several coals. One test bum, together with data collection and
comparison of predictions and measurements has already been completed and
documented. A second full scale test burn was completed late this quarter, together with
chemicil analyses of ash deposits. These results will be discussed in the future.

Also, abstracts for two papers discussing these test bums were accepted this quarter for
presentation at technical meetings. Richard DeSollar, fuels coordinator for CIPS,
coauthors both papers and will present one of them.

PLANS FOR NEXT QUARTER

In the next quarter, the first version of ADLVIC wilI be completed. The code will be
prepared for release to PETC and other interested parties. A complete discussion of
ADLVIC will be presented as part of the next quarterly report. This discussion and
documentation will include validation of the model predictions at many different
combustion scales. Also, progress in developing ADLVIC II, a more detailed ash
deposition model, will be reported.
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APPENDIX FOR TASK 3

The tables in this appendix summarize the chemical and physical properties of the coals
being used to study mineral matter transformations, fly ash formation, and ash deposition.
The tables are arranged in order of decreasing coal rank, with blends being grouped
separately at the end of the appendix.

The Parr values are used to rank the coals, with results as indicated in Table 3.A. 1.

Table 3.A.1

Parr values for fixed carbon, volatile matter, and heating value and associated coal
rank for the suite of coals being studied in this projec~

Parr Values
coal Fixed Volatile Heating Rank

Carbon Matter Value

[-1 r-l Btu/lb

Upper Freeport 71.45 28.55 15342 mv Bituminous
Pittsburgh-Seam 59.01 40.99 15154 hv A Bituminous

Pittsburgh #8 (2) 61.51 38.49 14843 hv A Bituminous

Eastern Kentucky 59.76 40.24 14724 hv A Bituminous

Pittsburgh #8 (1) 56.44 43.56 14695 hv A Bituminous

Utah Blind Canyon 51.92 48.08 14276 hv A Bituminous
Kentucky #11 57.38 42.62 13269 hv B Bituminous

Illinois #6 (2) 56.34 43.66 13083 hv B Bituminous

Kentucky #9 57.15 42.85 12791 hv C Bituminous

Hanna Basin 57.59 42.41 12053 hv C Bituminous

Illinois #6 (1) 55.68 44.32 11997 hv C Bituminous
Roland-Seam 52.85 47.15 11494 Subbituminous A
Decker 53.92 46.08 10726 Subbituminous A
Wyodak 51.79 48.21 10059 Subbituminous B
Eagle Butte 51.68 48.32 9286 Subbituminous C
Beulah Lignite 51.28 48.72 8202 Lignite A
Texas Lignite 39.98 60.02 7513 Lignite A

Blends

Eastern Blend 67.77 32.23 15312 hv A Bituminous
Pitt. #8/Decker 61.3 38.7 13599 hv B Bituminous
Roland/Illinois #6 54.3 45.7 12467 hv B Bituminous
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Table 3.A.2

Chemical and Physical Analyses of the Upper Freeport Coal
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Table 3.A.3

Chemical and Physical Analyses of the Pittsburgh-Seam Coal
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Table 3.A.4

Chemical and Physical Analyses of the Pittsburgh #8 (2)

w~
3xlrrW@

Flxd Carbon

Volatlle Mater

tisture

knme

c

H

o

N

s

Ash

;h Chamktm

302

A1203

l-iQ2

Fe203

CaO

h4go

K20

Ns20

Sa

P205

Und. Ash

w SllltiOt~ Silimn

mnlc IroruTotd Iron

Norlne

Cl (banb)

Cl (h ash)

)rrns of Suilur

Sulfatlc

Pyrislc

Omm Ic

aatlng Velue (Blurlb)

As Flrad

Dulong

cid Soluble Alkali (ppm

N9

Mg

m
K

&lon Temp. (Fladuclng

Inltiel Delomtlon

Spi16rkal
Hamlspherica

FIIM

uslon Temp. (Oxbdlzlnq

Inllial Deformation

Spherbl

Hemispherical

Flukl

2
D A6 Redd

56,07 55.92

3.

1 .s6

Dry As Rdd

78,62 77.32

5.14 5.06

6.52 6.41

1SD 1 .4a

1,57 1.54

6.55 6.44

,drv cad % ash

3.02 46.06

1.54 23.50

0.07 1.02

1.17 17.93

0.24 3.73

0.05 0.04

0.11 1.72

0.03 0.45

0.22 3.34

0.04 0.64

0.05 0.74

0.23

0.74

Dry As Fled(

0.10 0.00

Dry As ReC<

0.05 0.05

0.69 0.66

0.62 CI.81

Dry As Fled

13994 13762

Dry As Ret?

“F “c

2109 1154

2268 1242
2383 1306

2481 1360

“F w

2472 1356

2519 1382

2550 1399

2604 1429

T
s

ke DMrlbutlon Slevas

dp~m +23

eO@-n&p~ 28s43

3oqLrndp>l 4Wrn 4eslcQ

14@-ndp>74~ 1mxzm

74~~p*pm 200x325

md -325

-E!@
Xarneter

J!!L
188

162

140

121

104

69.9

77,5

66.9

57.7

49.e

42,9

37.1

32

27.6

23..9

2(.5

17.7

15.3

13.2

11.4

9.8

0.5

7.3

6.3

5.4

4.7

4.1

3.5

3

2.6

2.2

1.9

Me Dlsln
D(V,O.5

A!!k!!L
%In

Ize bln

T

o

0

0

0

0.25

0.4

0.35

1.05

5,35

9.45

12.6

11.95

8.55

6.6

6

6.35

6.4

5.25

4.05

2.85

225

2

1.8

1.65

1.35

0.9

0.6

0.5

0.35

0.25

m

IyQrnJ

Im. vol

E?L
100
100

100

100

100

99.8

S9.4

99.0

96.0

92.6

63.2

70.6

56.6

50.1

43.5

37.5

31,1

24.7

19.5

15,4

12,6

10.3

8.30

6.50

4.05

3.50

2.60

1.80

1.30

0.95

0.70

IJ.’l&

im
lM )

D(v,O.9) (pm)

D(v,O.1) (pm)

D(4,3) (pm)

D(3,2) (yin)

span

Sp Surf. Ama (sq.m,/m.)

rm= % In size bln am. mass %

0.00 Owl

0.27 0,27

1.40 1.67

27.63 29.50

30,63 61133

39,67 100.00

JikL!
)kJnaer

118.40

102.1

M.1

76

65.6

5S.6

46.8

42.1

36.3

31.3

27

23.3

2Q. 1

17.4

15

12.9

11,1

9.6

0.3

7.2

62

5.3

4.6

4

3.4

3

2.6

2.2

1.9
1.6

1.4

~

!!w!u
% In

ilze M

F

0.15

0.175

0,125

1,325

5.3

9.875

11.45

10.02s

8.025

8

B.B75

7.225

4.425

3.7

4.4

3,9

2,875

1.625

1.45

1.5

1.325

1.2

0.925

0.875

0.7

0.3

0.125

0

0.05

J_

~
cum. vol.

~
99.9

we

99,6

99.5

96,2

92.9

63,0

71.5

5

53.5

45.5

3&6

29.4

250

21.3

16.9

13.0

10.1

8.45

7.00

5.50

4.17

2.97

2.05

1.17

0.47

0.17

0.05

0.05

O.w

O.w

J&L

For -335M%h Data
24,78

44.78

10.55

25,5167

14.60

1.46

0.39

‘These Malvem data ere for !he -325 mesh size fradlons.

3-37



Table 3.A.5

Chemical and Physical Analyses of the Eastern Kentucky Coal
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span

~ac. SUfl. Ares (sq.m./cc.)

T
mass % In size bln wm. m= ?

0.00 0,00

0.07 0.07

1..53 1.57

32.10 33.67

30.60 64,47

35.53 100.00

Size D

)h’neler

Jt!!L
118.4

1021

88.1

76

65.6

%.6

48.8

42.1

36.3

31.3

27

23,3

m. 1

17.4

15

12.9

11.1

9.6

8.3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9

1.6

1.4

~

ribulbn (N

% In

size bln

0.05

0.13

0.15

0,23

1.98

5s8

9.70

10.70

8.63

6.40

6.98

8.96

7.55

4.28

3.30

4.13

4.35

3.90

2.40

1.63

1.M

1.78

1.60

1.40

1.15

0.93

0.45

0.15

0

0
0

0

~
cum. vol.

~
99.95

99.825

99.675

99.45

97.475

91.9

82.2

71,5

62.875

56.475

49.5

40.525

32.975

28.7

25.4

21275

16.925

13,025

10.625

9

7,325

5.55

3,95

2.55

1.4

0.475

0.025

-0.125

-0.125

-0.125

-0.125

-0.125

For -325 Mash Data

24.03

47.63

6.70

25.88

13.72

1.70

0.42

“These !&Ivem da[a are for Ihe -325 mesh size Iracllons
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Table 3.A.6

Chemical and Physical Analyses of the Pittsburgh #8 (1) Coal

W-J Andy6e6

roxlrnme Dry A8 Rec’d Size Dtemlbutlcm I 61eves mess % In dze bln am, -9

Flxd Carbon 49.16 48.= dpAx3@m +28 o O.w

VdWe M@ler 4016 39.75 63Qm4p-pm 2Bx4a 02 0.20

deture “1.02 3LWymdp>140pm 48xloa 0.6 1.m

W-rme Dry AE Reed 143prnAp>74~ 100X2W 22.1 23.10

c 71.51 70.78 7*mdpA-4pm 2VOX325 34.8 57 ,S0

H 5.03 4.96 44!JmdD -325 42.1 1Oo,m

o 6.76 6.69 SRe DWWrIlon (Malvern)’ Size Dlalrlbullor! (kkelvemy

N 1.24 1.23 Diarneler % In cam, vol. Dkrm#er % in

s

cum, wI.

4.70 4.73 (Pm) size bin per. (P )m size bln lx=.
&h 10.68 10.57 188 110.4

GhChemlslry %drvasd % aah 162 102.1

Y02 4.42 41,40 140 6&l

Alm3 2.19 20,51 121 76

mz 0.10 0,89 104 65.6

Fe2Q3 3.10 29.03 69,9 56.6

CaO 022 2,07 77.5 48.8

w 0.06 0.70 66.9 42.1
K20 0.18 1.73 57,7 36.3

N~ 0.04 0.40 49.8 31.3

Sa3 0,25 2.33 42.9 27

!%205 0.02 0.15 37.1 23.3

Und. Aeh 0,06 0.71 32 20.1

ree Sll !ca/Toval Slllcon 0.26 27.6 17.4

yrltlc kowTOtal Imn 0,73 23.8 15

hlorlne Drv As Reed 20.5 12.9

C2(banb) 17.7 11,1

Cl (in aeh) 15.3 9.6

0M16OfSIJhlr Dry A6 Reed 13.2 8.3

Sulfatlc 0.15 0.15 11.4 72

Pyritlc 1.01 1.79 9.8 6.2

Ortlenlc 2.62 2.79 0.5 5.3
eating Value (Btwlb) Drj A6 Reed 7.3 4.6

As Fired 13004 12871 6.3 4

Dulorq 5.4 3.4

ad Soluble Alkali (ppm.‘ Drv As Reed 4.7 3

Ne 4.1 2.6

Mg 3.5 2.2
Ca 3 1.9
K 2.6 1.6

u~rnn Temp. (Reducing ) ‘F -c 2.2 1.4

Initial Debrnmlion 1917 1047 1.9 1.2

Spherical 1980 1082 Size Dkdribu[lon For -325 MeshData
Hernlspheri4 2154 1179 D(v.o.5) (~m)

Fluld 2232 1222 D(v,O.9) (yin)

usion Temp. (Oxtiizmg) ‘F “c D(v,O.1) (#m)

Inniel Delormalion 2430 1337 0(4,3) (pm)

Sphend 2502 1372 D(3,2) (pm)

Hemispherical 2518 1301 span

Fluld 2532 13a9 SW SIJrl Ar- (M m kc \

“l%- I&lvem data are for the -325 ma6h size kadions.
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Table 3.A.7

Chemical and Physical Analyses of the Utah Blind Canyon Coal

Arn31yses

mxlmate

Fixed Carbon

Volatile Matter

Ioist ure

Iltimate

c

H

o

N

s

Ash

,sh Chemistry

sio2

A1203

Tio2

Fe203

CaO

Mgo

K20

Ns20

S03

P2Q5

Und. Ash

ree Silica/Total Silicon

~riticlronflotd Iron

:hlorine

Cl (banb)

Cl (in ash)

orms of Sulfur

Sulfatic

Pyritic

Oraanic

Ieating Velue (Btwlb)

As Fired

Dulong

,cid Soluble Alkali (ppm

Na

Mg

Ca

K

usion Temm (Reduciryq

Initial Deformation

Spherical

Hemispherical

Flu!d

“usion Temp. [Oxidizing

Initial Deformation

Spherical

Hemispherical

Fluid

-2!Y-
46.03

43.58

x

J?!L
72.98

5.54

9.27

1.32

0.46

10.40

kdtycoi

5.86

1.87

0.10

0.43

0.65

0.19

0.12

0.53

0.57

0.03

0.06

0.52

0.29

Dry

0.04

-R!L
0.00

0.10
0.36

Dry

G

Dv

OF

2181

2247

2358

2621

“F

2214

2255

2389

2670

s Rec’c

70,5s

5.35

8.96

1.28

0,44

10.06

% ash

56,35

17.97

0.94

4.13

6.23

1.84

1.14

5.06

5.46

0.32

~

,s Rec’[

G

0.10

0.35

IS Rec’f

m

,s Ret?

“c

1194

1231

1292

1438

“c

K

1235

1309

1465

600Km4p.300~

3COymdp>l 49wn

149yrndp>74yrn

74ym~p>44ym

4411mAD

Size D

Diameter

x
188

162

140

121

104

89.9

77,5

66.9

57.7

49.8

42.9

37.1

32

27.6

23.8

20.5

17.7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

5.4

4.7

4.1

3.5

3

2.6

2.2

1.9

;ize Distri

28x48

48x 100

1OOX20(

200x32f

-325

W

% in

;ize bin

o

0

0

0

0

0.15

0.45

0.9

1.9

4.85

7.9

10.65

10.45

8.1

6.15

5.15

5.5

6.05

5.5

4.5

3.15

2.6

2.6

2.7

2.55

2.1

1.25

1.05

0.75

0.7

0.65

1.6

ion

!!!!mI
Jm. Vol

E
100

100

100

100

100

99.9

99.4

98.5

96.6

91.8

83.8

73.2

62.7

54.6

48.5

43.3

37.8

31.8

26.3

21.8

18.6

16.0

13.4

10.7

8.20

6.10

4.85

3.80

3.05

2.35

1.70

0.10

D(v,O.5) (pm)

D(v,0,9) (pm)

D(v,O.1) (pm)

D(4,3) (yin)

D(3,2) (pm)

span

;pec. Surf. Area (sq,m Jcc. )

-L
0.2 0.20

5.3 5.50

25.25 30.75

22.4 53.15

46.85 100,00

Size E

)iarneter

W!!l_
118.4

102.1

88.1

76

65.6

56.6

4S.8

42.1

36.3

31.3

27

23.3

20.1

17.4

15

12.9

11.1

9.6

8.3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9

1.6

1.4

1.2

For -325 Mesh

‘lbuflon Q

% in

size bin

21.30

41.30

5.25

22.75

11.45

1.70

0.55

“These Malvern data are for the -325 mesh size fradions,
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Table 3.A.8

Chemical and Physical Analyses of the Kentucky #11 Coal

ruxlnwm

FIIId Carbon

S F&t’tef

blsture

khlwte

c

H

o

N

s

Aeh

sh ChemletW

302

A1203

-W32

Fe203

Cmo

Mgo

K20

Na2Q

So3

F705

Ural. -h

rae SllaITwd Sllkmn

rhlc Ironfitiel Iron

:hlorlne

Cl (Lmmb)

Cl [In esh)

orms of Sulfur

SuIfetlc

Pflirlc

Omanlc

feellng Value (Bluflb)

Ae Flrd

Dulong

hdd soluble Alkall (ppm

N6

F@

Ca
K

‘usion Temp. (Reduclnq

Inillel Deformation

Spherkal

Hemispherlca.1

Fluld

‘usIon Tamp. (Oxldlzlnq

Inltlal Deformation

Sphertd

Hemispherical

Fluld

ti

D As Fleet

42.82 41,12

7 3.

3,97

Dry As Rtic

59.15 56.81

4.44 4.26

8.25 7.93

1.16 1,11

4.78 4,59

22.21 21.X3

kdryccal % esh

10.14 45.65

4,14 10.62

0.19 0.06

4.67 21.05

0,96 4.30

0.21 0.96

0.49 2.19

0.07 0.33

1.02 4.5s

0.04 0.19

0,11 0.40

0.39

0,80

Dry As iled~

0.03 0.03

0.02 0.02

Dty As Rer?t

0.20 0.20

2.99 2.07

1.59 1.53

Dry As Fle.?(

10524 10107

Dry As R&<

400 384

1037 995

4981 4789

3578 3436

‘F “c

2230 1226

2270 1243

2310 1266

2352 1289

OF “c

2314 1268

2354 1290

2404 1318

2446 1341

==+=

149@Wip>74~ I1WX2U

74#r-ndp*pm 200X3E

44LlmAp I -325

-9!w!
Dbrne16f

(I@

188

162

140

121

104

09.9

77.5

=,9

57.7

49.0

42.9

37,1

32

27.6

23.8

m.5

17,7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

5.4

4.7

4.1

3.5

3

2.6

2.2

1.9

m

% In
S2eM
T

o
0
0
0

0.15

0.45

0.8

1.6

3.85

6.65

9.55

9.9

0.15

6.85

6.2

6.2

6.35

5.7

4.75

3.5

2.9

2.8

2.75

2.6

2.2

1.55

1,15

0.85

0.7

0.55

1.25

!uz!!L
m vd

EL
lm)
100

100

100

100

99.9

9%4

9s.8

97.2

93.3

66.7

77.1

67.2

591

52.2

a.o

39.0

33.5

27.6

23.0

19.5

16.6

13.8

11.1

8.5

6.3

4.7

3,6

2.7

2.0

1.5

0.2

0(.,0.5) @m)

D(v,O.9) (,um)

D(v,O.1) (#m)

0(4,3) (#m)

D(3,2) (#m)

Spm

SpSC.Surl. Area (sq.m.kc)

mess % in size bln cum. mass %

o I 0.00

L
0.2 0.20

2.7 2.W
15.4 18.30

22.7 41 .CQ

59 100.00

118.4

102,1

63.1

76

65.6

6&6

&.s

42.1

36.3

31.3

27

23.3

201

17.4

15

12.9

11,1

9.6

8.3

7,2

6.2

5,3

4.6

4

3.4

3

2,6

2,2

1.9

1.6

1,4

1.2

FO

lbn M

7%In

61ze bln

125Mesh I

19.55

39.75

5.20

21.75

11.25

1.W

0.55

‘l%= Mslvem data are fcf he -325 mesh size fredions.
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Table 3.A.9

Chemical and Physhd Analyses of the Illinois # (2) Coal

Analyses

mxlrnale

Fixd Carbon

VdaIlle Matter

Ic&ture

M-me

c

H

o

N

s

Ash

sh Ctwrnlslry

SI02

AJ203

lio2

Fe203

cm

~o

K20

Ns20

SQ3

!=205

Uml. Ash

rea Slllc3/TOld Silicon

rnlc Ironilotd Iron

:hlorlne

Cl (Imrnb)

Cl (In ash)

orms of Sulfur

Sulfatlc

Pyrltic

Ormnlc

iaalng Value (BWlb)

As Fird

Dulong

md Scluble Alkali (ppn

k

Mg

C=a

K

“usion Temp, (Fladucin(

Iniltal Defomalion

Spbrim

Hemi&phetical

Flud

‘us Ion Temp. [Oxidizint

Inlflal De fmmalhn

Spherical

Hemisphenca

Fluid

x
69.18

4.62

0.66

1.21

3.51

12.33

-
6.10

2.31

0.11

2.13

0.11

2.13

0.37

0.56

0.13

0.26

0.16

0.43

0.37

x
010

J!9L
0.26

1.33

1.99

J?!L
12233

“F

2014

2071

2202

2362
or

2285

2334

2449

2530

8.63

1.17

3.42

12.02

% ash

49.50

18,74

0.90

17.29

0.90

17.29

2.99

4.55

1.07

2.12

~

4s Red<

0.10

k Ret?

0.25

1,30

1.94

W Rec’t

11923

“c

1101

1133

J&Q
)Iameler

&?!L
188

162

140

121

104

89.9

77.5

a .9

57.7

49.8

42.9

37.1

32

27.6

23.8

20.5

17.7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

54

4.7

41

3.5

3

2.6

2.2

1.9

ize Dlstri

&!!m
% In

ize bln

o

0

0

0

0

0.1

0.45

1.85

4

6.55

8.65

10.4

10.1

8.15

6,35

5.25

5.4

5.65

4.05

3.6

2.65

2.25

2.3

2.4

2.3

1.e5

1.15

0.95

0.7

05

0.4

0.9

ion

_
tm, VOI

EL
100

100

100

100

100

99.9

99.5

97.6

93.6

87,1

78.4

66.0

57.9

49.8

43.4

38.2

328

27.1

2.3

18.5

15.8

13.6

11.3

8.9

6.6

4.7

3.6

2,6

1.9

1.4

1,0

0.1

L
1205 D(v,O.5) (pm)

1305 D(v,o.9) (#m)

“c D(v,o.1 ) (pm)

1251 D(4,3) (#m)

1279 D(3.2) (#m)

1343 span

1388 S Surf. Area ( .m.ti.)

I
o O.CQ

1.75 1.75

30,65 32.60

28.3 60.90

39.1 100.00

Size [

#&

102.1

66.1

76

65.6

56.6

4&8

42.1

3&3

31.3

27

23.3

20.1

17.4

15

12.9

11.1

9.6

8.3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9

16

1.4

1.2

ibullon (J

% In

size bin

For -325 Mesh

23.95

45.70

5,85

25,25

13.10

1.70

0.47

‘Th8se M4vem data are for Ihe -325 mesh size fradicms,
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Table 3.A.1O

Chemical and Physical Analyses of the Kentucky #9 Coal

w=
mxlrnma

Flxd Cerbon

Volatile Wlef

lo18ture

mmafa

c

H

o

N

s

Ash

sh Chemlslrv

SI02

A1203

lic)z

Fe203

Cao

h4Jo

K20

Na20

m

P205

LJrKI.Aeh

ree Slllce/TOlal SIllcon

~iflc lrOn/Tcdel Ircm

:hlorlne

Cl (bu’nb)

Cl (In e~h)

onns 01Suffur

SuMc

Pyrnlc

omenlc

feeflng Velue (Blwlb)

Dulong

dd Soluble Alkell (ppm

Ne

Mg

Ce
K

“Men Term. (Reducinq

Initlel Defwneflon

Spt!wm
Hemlspherlcsl

Fldd

‘usIon Temp. (Oxidizing

Inlf Id Defonneflon

Spherbl

Hemispherical

Fluld

*

D AS Reed

47.47 43.53

37. 34.74

6600

4.69

9.07

1.70

3.W

14.64

-

6.59

2.97

0.15

3.37

0.44

0.16

0.37

0.14

O.w

0.02

60s2

4.30

8.32

1.56

3.56

13.43

% esh

44.99

20.25

1.03

23.03

3.00

1.08

2.52

0.90

4.10

0.12

*
0.61 I

=-H=

7
,03 0.0

D As R&d

0.18 0.16

1.66 1.52

+=

2.04 1,87

D AS Rm?d

11047 10864

+

694 636

830 761

2835 2600
2225 2040

OF “c

1981 1083

2050 1121
2200 1204

*

J-
2318 1270

2415 1324

2465 1352

2518 1301

T
An

be DIsMbullcm slew

dpm +Za

SCOpmAp>30Qm 29xM

3C@mdp>14Qm 4Bx100

14spmdp>74prn 100X21X

74pmApA4ym 2001325

d -325

Si7e Q

O!arneler

*

162

140

121

104

09.9

77.5

66,9

57,7

49.0

42.9

37.1

32

27.6

23.8

20.5

17.7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

5.4

4.7

4.1

3.5

3
2.6

2.2

1,9

_
%In

,Ize bln

T

o

0.05

0.05

0

0.15

0.75

1,85

3,45

5.65

7.95

10.4

10.s5

9.05

7.4

5.95

5.55

5.45

5

4,2

3,05

2.35

2

1.9

1.8

1.65

1.1

0.95

0.6
0.4

0.3

0.5

;ize Dislribullon

Im. d

EL
100

10D

100

99.9

9S.9

90.8

9S.0

97.2

93.7

m. 1

60.1

69.7

59.1

50.0

42.6

36,6

31.1

25.6

20.6

16.4

13.4

11.0

9.0

7.1

5.3

3.7

2.6

1.6

1.0
0.6

0.3

-0.2

D(v,o.5) (#m)

D(v,0,9) (yin)

D(v,o.1 ) (#m)

D(4,3) (Urn)

D(3,2) (#m)

*

jpOC,Surf. Ar= (eq.m./cc)

rm- % In dze bln cam. mees ?4

o 0

0.1 0.1

1.75 1.e5
14.15 16

28.25 44,25

55.75 100

GQL!
)iamem

J!!L
118,4

102,1

Ml

76

65.6

56.6

46.0

42.1

36.3

31.3

27

23.3

20.1

17.4

15

12,9

11,1

9,6

8.3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9
1.6

1.4

~

ibulbn (-!

% In

dze b4n

For .325Wh Dm
23.BO

44.65

6.75

25.55

14.00

1.60

0.43

‘These Mdvem dela are for the -325 mash size fmdbns.
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Table 3.A.11

Chemical and Physical Analyses of the Hanna Basin Coal
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20.5
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15.3

13.2
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9.8
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7.3

6.3

5.4

4.7

4.1

3.5

3

26

2.2

1.9

W

% In

IzeM

w
)m.VOI

EL
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D(v.O.5) (pm)

D(v,O.9) (yin)

D(v,o.1) (Yin)
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spar
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T
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)iamefer
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66.1

76

65.6

56.6

4s.0

42.1

36.3
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27

23.3

20.1

17.4

15

12.9

11.1

9.6

0.3
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6.2
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4

3.4

3
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‘Thesa Malvern data are for the -325 mesh size Iraaions.
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Table 3.A.12

Chemical and Physical Analyses of the Illinois #6 (1) Coal
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4.6
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24.65
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‘These Melvem data ere for the -325 mesh size fradions.
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Table 3.A.13

Chemical and Physical Analyses of the Roland-Seam Coal
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Table 3.A.14

Chemical and Physical Analyses of Decker Coal
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Table 3.A.15

Chemical and Physical Analyses of the Wyodak Coal
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56.6

46.8

42.1

%.3

31.3

27

23.3

20.1

17.4

15

12.9

11.1

9.6

a .3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9

1.6

1.4

1.2

U!k?u
% In

size bin

0.06

0.13

0.15

0.10

0.36

3.45

7.43

9.40

9.35

8.50

8.20

8.10

6.75

5.15

4.90

5.35

4.56

3.70

2.66

2.18

2.13

1.90

1.53

1.28

1.13

0.66

0.45

0.10

0

0

0

0

~
cum, d.

~
9S.9

99.8

99.7

99.6

99.2

95.7

M .3

70,9

69.6

61.1

52.9

44.0

39.0

32.9

28.0

22.6

18.0

14.3

11.7

9.46

7.35

5.45

3.92

2.65

1.52

0.65

0.20

0.10

0.10

0.10

0.10

0.10

For -325 Mesh DaIa

22.05

43.00

6.23

23.75

13.47

1.66

045

“These MaIvern dala are Ior the -325 mesh size fradions
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Table 3.A.16

Chemical and Physical Analyses of Eagle Butte

Ardyem

oxlmsde

Fixd Carbon

Volel Ile Wer

olslure

h-rime

c

H

o

N

s

Ash

;h ChamistW

S02

AH03

T02

Fe203

cm

Mgo

K20

Na20

Sa3

F’205

Lfrd, Aah

we Sill@Told E+licOn

~rklc lrOn/Tmal Iron

hlorlne

Cl (bomb)

Cl (In ash)

mns of Suffur

Sulfaxk

P@ic

Ornanb

eating Value (Btwlb)

As Fked

Dulong

CM8olubfa Alkafl (pprl

Na

WI

Ca

K

uslon Temp. (Reduclns

Intiial Da!mrmation

spherbal

Hemispheric

Fluid

u6bn Temp. (OxBlzinE

Irwlal Detormalbn

Spherid

Hemlepherid

Flukl

Ec) As Reck

48.05 36.&l

45. 5 34.

23.74

AL
66.81

4.93

20.18

120

0.47

6.40

w
1.79

0.91

0.05

0.39

1.62

0.36

0.02

0.12

1.05

0.04

0.04

0.24

O.m

A
0.03

QL
0.01
0.06
0.41

&L
11534

11289

a
822
1091

7250

75

“F

2224

2253

2260

2270

“F

2181

2212

2226

2243

“These Melvem dala ~e for the -3,

6 Reec

G

3.76

15.39

0.92

0.36

A 88

%ash

27.89

14,24

0.84

6.04

25.34

6.00

0.27

1.03

16.34

0.66

is Red

E

0.05

0.31

is Red{

G

8608

(S Red,

F
1442

5529

57

T

12i8

1234

1238

1243

~c

1194

1211

1219

1228

dpS30~

I
+2B

~mdp.30Cpm 26x4S

~mAp>14~ 46x1OO

149gmAp>74ym Ilooxzoc

Wmdp I -325

Ji!LQ
Dianwer

J&L
188

162

140

121

104

89.9

77.5

65,9

57.7

49.8

42.9

37.1

32

27.6

23.8

2C.5

17.7

15.3

13.2

11.4

9.6

8.5

7.3

6.3

5.4

4.7

4.1
3.5

3

2.6

2.2

1.9

$ize Dislr

D(v,o.E

%in

,Ize bln

T

o

0

0

0

0.1

0.25

0.975

2.2

4.5

7.175

9.975

10.375

8.75

7.325

6.375

6.3

6.325

5.575

4.6

3.425

2.8

2.55

2,425

2.175

1.775

1.075
0.925

0575

0.4

0,3

~

LwQrnJ’

)m. vd

EL
10D
100

100

10D

100

9S.9

99.7

96.7

96,5

92.0

W.a

74.0

64.5

5%7

4a.4

42.0

%.7

25.4

23.8

19.2

15.8

13.0

10.4

8.0

5.8

4.1

3.0
2.1

1.5

1.1

0.8

J&

Ion

Lm)

D(v,o.9) (pm)

D(v,o.1 ) (pm)

D(4,3) (Vm)

D(3,2) (pm)

span

spw. Surf. Area (sq.m.lcc. )

nesh size fradions.

349

T
mass % In dze bln am. _ %

o 0

02 0.2

2.55 2.75

17.55 20.3

22.95 4325

56.75 100

m
nflmemr

(I@
118,4

102,1

66.1

76

65.6

5&6

48.8

42.1

36.3

31.3

27

23.3

20.1

17.4

15

12.9

11.1

9.6

8.3

72

62

5.3

4.6

4

3.4

3

2.6
2.2

1.9

1,6

1,4

1.2

Fc

ibullpnj
% In

dze bfn

125M&t

G

la

40.98

6.20

22.675

12.9

1,63

0.47



Table 3.A.17

Chemical and Physical Analyses of Beulah Lignite

w-
roxkrtato

Flxd Cerbon

Voletile %er

bl.stura

N-nete

c

H

o

N

s

II< h

sh Chemlslry

W02

A1203

T02

Fe203

cm

L@o

K20

Ne2Q

Sm

F205

Und. Ash

ree SilicaTotal Silicon

yrtllc lrOn/T0131Iron

hlorlne

Cl (tunb)

Cl (in ash)

orms of Suifur

Sullellc

Pymic

Oraanlc

leaIlng Value (BWlb)

As Fird

Dulong

tad Soluble AJkali (ppn

Ne

Mg

C.9

K

uslon Temp. (Reducinj

Innlal Debmaion

SPherial

HemisphenceJ

Flui5

“usic$ Temp. (Oxdlzim

Inllial Deformation

Spherical

Hemlspherica

Fluld

“Thsse Malvem dala a

ED As Wd

43.36 31.70

4 .78 31.20

2S.89

Dry As Reed

60.72 4439

4.m 2.99

18.35 13.42

1.05 0.77

1.84 1,35

13.86 10.13

,drycoel % ash

2.92 21.07

1.92 13.M

0.0s 0,41

1.s8 12,15

2.26 16.28

0.60 4.33

0.03 0.21

0.89 6.42

3.32 23.92

O.cd 0.00

-0.01 -0.1

0.14

0.2-3

Dry As Ret?

0.04 0.03

Dry As Fiec(

0.14 0.10

0.44 0.32

1.27 0.93

Dry As Hec’t

10000 7311

9909 7244

Dry As Rec(

7357 4210

3321 2428

14036 10262

i 52 111

“1= “c

2017 1103

2139 1170
2165 1185

2179 1193

“F “c

2286 1252

2354 1290

2367 1297

2383 1306

~orIhe -325 mesh SI

EoopI’nDdp>3@3jlln 2-6X48

X@mdp.149yrn 4BX1OO

149ArnXlp>74~ 1Ooxm

%mxlp I -325

Size D

liemelar

*

162

140

121

104

89.9

77.5

66.9

57.7

49.8

42,9

37.1

32

27.6

23.8

20.5

17.7

15.3

13.2

11.4

9.8

8,5

7.3

6.3

5.4

4.7

4.1

3.5

3

2.6

2.2

Q!!!a
%In

Ize M

r
o
0
0
0

0.27

0.43

0.43

0.75

3,87

6.43

8.07

7.73

6.90

6.43

6.10

6.07

6.10

5.60

5.03

4.23

3.73

3.50

3.50

3.33

3

2.5

1.70

1.27

1 17

0.87

W

_
Im. VOI

EL
100

100

100

100

100

99.7

99.3

9s.9

W.1

94.3

87.8

79.0

72.0

65.1

%.7

52.6

4s.5

40.4

34.8

298

25.5

21.8

18.3

14.0

11.5

8.5

6.0

4.3

3.0

1.8

1.0

-1,11.9

;ize Di51riWlio7

D(v,o.5) (pm)

D(v,O.9) (Km)

D(w,O.1)(#m)

D(4.3) (pm)

D(3,2) (yin)

span

;pec Surf. Area (sq.m./cc. )

Iraaions.

mass % in size bln wm. me6s %

-L
0.075 0.08

2.45 2.53

11.44 13.97

22.06 36,05

17.54 53.59

46.92 100.51

Size [

)Ienwter

m
118.4

102.1

86.1

76

65.6

5S.6

48.0

42.1

36.3

31.3

27

23.3

20.1

17.4

15

12.9

11,1

9.6

8.3

7.2

6.2

5.3

4.6

4

3.4

3

2.6

2.2

1.9

1.6

1.4

1,2

flbut!on (1

% In

dze bln

0.0s

0.13

0,13

0.1

0

1.525

4.55

6.43

7.13

7.2

7.28

7.3

6.43

5.55

5.73

6.15

5.3

4.6

3.93

3.73

3.65

3.08

2.38

2.15

2.25

2.075

0.725

0.4

0

0.03

0

0

~
cum. vol.

~
99.925

99.8

99.675

99.575

99.575

98.05

93.5

07.075

79.95

72,75

65.475

58.175

51.75

46.2

40.475

34.325

29.025

24.425

m.s

16.775

13.125

10,05

7.675

5.525

3.275

1.2

0,475

0.075

0.075

005

0.05

0,05

For-325 k-sh Data
16.47

38.01

4.40

19.53

9.93

2.M

0,62

3-50



Table 3.A.18

Chemical and Physical Analyses of the Texas Lignite

Arxdyw

mxlmate

Flxd Cadmn

Volatlle Her

blelure

Hkrude

c

H

o

N

s

Ash

sh Chernkslry

SI02

A1203

mo2

Fe203

cm

I&lo

K20

Nw?3

Sa3

PZY35

Ural. Ash

rea SlllcWTOtsd Sillcon

~ilclrowlolfd Iron

;hlorlne

Cl (bomb)

Cl (In ash)

‘orms of SuVur

Sulfafk

Pyrific

orpanlc

esIlna Value (Btwlb)

As Fird

Dubrq

ddSduble AJkali (ppm

M

M9
&

K

USIMTemp. (Reducinq
lnklal Daformation

spherical

Hamlspherlcd

Fluid

uslon Temp. (OxtiizinQ

Infiial Deformallon

Spheri@l

Hemispherical

Fluti

“Th- MaIvern dala ar

I Anak.es

19.09

Q
29.36

3.25

14.15

0.51

1,75

51.96

4!)s%?!
34.07

10.22

0.45

0.66

1.!3

0.25

0,97

1.33

1.46

0.00

1.10

0.65

0.43

L
0.08

0.01

x
0,09

0.31

1.35

L
5085

a
0708
1156

7628

5862

OF

2349

2454

2569

2736

OF

2340

2432

2565

2743

vthe -3:

11.45

0.41

1.41

42.04

% ash

G

19.67

0.87

1.70

3.04

0.48

1.87

2.55

2.81

0.00

~

Is Flee!

E

QL
(s Rei?

F

0.25

1.09

s RecJ

4114

s ReC

6097
935

6172

4743

“c

~
Diameter

188

162

140

121

104

89.9

77.5

E6.9

57.7

49.8

42.9

37.1

32

27.6

23.8

20.5

17.7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

5.4

4.7

4.1
3.5

3

2.6

2,2

Q!!!Q!u
%In

;Ize bin

o

0

0

0

0

0,13

0.20

0.20

0.30

1.40

3.63

6.45

7.70

7.43

7,00

6.55

6.60

6.70

6.33

5.75

4.73

4.10

3.63

3.83

3.60

3.13

2.45
1.70

1.33

1.20

1,13
2.68

1502

“c

1282

1333

1407

1506

nash S(2

D(v.O.9) (pm)

D(v,O.1) (pm)

0(4,3) (pm)

0(3,2) (pm)

48X1OO

1Oom?w

200x325

-325

m

Im.vd.

=
100

100

100

100

100

99.9

W.7

W.5

9%2

97.8

94.2

07.7

80.0

72.6

65.6

59.0

52.4

45.7

394

33.6

28.9

24.8

21.0

17.2

13.6

10.4

8.00
6.30

4.97

3.77

2.65

-0.03

spat SurL Ar- (sq.m./a. )

fraalons.

maes%lnslzebln mm. maes%

O.m I 0.00

--L
2.07 2.07

10.13 12,20

18.70 30.90

17,57 48,47

51,53 100.00

Gi!EL

J.wL
118.4

102.1

88.1

76

65.6

5S6

4.0.8

42.1

36.3

31.3

27

23.3

20.1

17.4

15

12.9

11.1

9.6

8.3

72

6.2

5.3

4.6

4

3.4

3

2.6
2.2

1.9

1,6

1,4

1.2

Ibufloll (h

% In

dze bin

0.10
0.35
0.40
0.35
0.25

1.80

4.%

6.85

7.55

7.EJ3

7.30

6.75

6.05

5.60

5.60

5.55

4.80

4.30

3.90

3.55

3.30

2.85

2.40

2.20

2.10

1.75

0.s0
0.60

0.30

0.00

0,10
0.10

For -325 Wh

15.53

35.77

4.15

18.35

8.86

2.03

~
am, vol.

par.

9%9

896

992

98.8

98.6

96,8

91.9

05.0

77.5

70.0

62.7

55.9

49.9

44.3

M.7

33.1

28.3

24.0

2C.1

16.6

13.3

10.4

8.00

5.ao

3,70

1.95

1.15
0.55

0.25

0.25

0.15
0.05

la

0.70

3-51



Table 3.A.19

Chemiml and Physical Analyses of the Eastern Blend

A@= A-

nxlmale Dry AS R&d Size Distrilnnlon S.&as mass % In size bln cum. _ %

Fixed Cerbon 61.06 60.62 dp=pm +28 o O.m

Volellle Matter 30.27 30.05 6cm#rrlAp>3@Jm 28X48 o 0.00

olslure 0.72 3ooyrnMip>l WpnI 4SS1D5 1.3 1.30

IImale Dry As Reed 149prndp>74pm 1CCM200 2&3 27,60

c 77,95 77.39 74pm@p+pm 200x325 26.3 53.90

H 4.79 4.76 44m4p -325 46,1 100.00

0 5.51 5.47 Size Dlmibutlon ( @vem)- Slze DlslribuUon [W31vem).

N 1.43 1.42 Dtamele$ % In mm. vd. Dk-neler % In cum. wI,

s 1.6s 1.64 (pm) size bln w- (Wn) size bln f-3r.

Aah 8.67 8.61 188 118.4

* Chemlslry % dw Cd % ash 162 102.1

Sioz 4.25 49.03 140 Ml

A1203 2.13 24.53 121 76

noz 0.09 1.00 104 65.6

F9203 1.46 17.03 89.9 56.6

Cao 0.20 2.31 77,5 48,8

h@o 0.07 0.86 66.9 42.1

K20 0.17 1.99 57.7 3&3

Na20 0.03 0.36 49,8 31.3

m 0.17 192 42.9 27

P205 0.03 0.37 37,1 23.3

Ural. Ash 0.05 0.60 32 m.1

w Sll WOlal Silicon 0.25 27.6 17.4

yrfiic lrOrWOlaJ Iron 0.75 23.8 15

hlorine Dry As Reed m.5 12.9

Cl (banb) 17.7 11.1

Cl (m ash) 15.3 9.6

w of Sutfur Dry As 13ec’d 13.2 8.3

Suliatlc 0.01 0,01 11.4 7.2

Pfrillc 0.89 0.88 9.8 6.2

Organic 0.75 0.74 8.5 5.3

emlng Value (Bwlb) Dry As Rec’d 7.3 4.6

As Fir& 13933 13833 6.3 4

Dulorq 5.4 34
dd *luble Alkali (ppm ) Dry AS Fledd 4.7

Ne 4.1 ;6
W 3.5 2.2

CO 3 1,9

K 2.6 1.6

“c 2.2 1.4
Inilial Deformation 2133 1167 1.9 1.2

Sphenca 2429 1332 ,ize Dklribu[ion For -325 kkh Data

Hemispherical 2449 1343 D(v.o.5) (#m)

FIUICI 2500 1371 D(v.O.9) (yin)

“F “c D(w,o.1) (#m)

2497 1369 D(4,3) (#m)

2574 1412 D(3,2) (yin)

2602 1428 SF

2632 1<

usion Temp. [OxMlzing

Initiel Deformation

Spheri=l

Hemlsphercal

Fluti

‘These Wlvem data are for lhe -325 m=h size fract~s

3-52



Table 3.A.20

Chemhxd and Physical Analyses of the Pittsburgh ## (2)/Decker Blend

w=
iuxlmate

Flxal Cerbon

VOleIila Mmler

blsture

M-rtme

c

H

o

N

s

Ash

sh Chemktw

6102

Alm3

TD2

Fe203

CaO

w

Km

Ne2Q

ScT3

IZ05

Ural. Aeh

ree SlllceJFOld SIlmm

yrltlc Iron/Told Iron

.hlorlne

Cl (banb)

C4(In ash)

orms of Sulfur

SUlfmlc

Fyritlc

Orgenlc

Ieetlng Value (Btwlb)

As Fired

Dub~

tid Saluble Alkall (ppn

Na

w

Ce

K

uslon Temp. 03educin[

Inilbl Deformation

WI

Hemkpherical

Flukl

“klm TernD. (Oxldlzlnf

Initlel Defonmtbn

Spherba.1

Hemispherlc4

FhJid

L
5s.45

36.59

6.61

Q
76.26

4.94

9.21

1.31

1.28

6.96

,drv-

2,96

1,55

0.07

0,99

0.39

0.09

0.11

0.17

0.50

0.04

0.06

0.20

0.74

x
0.07

ZZ
0.04

0.59

0.65

J?!L
13540

LLL

“F

2144

2283

2319

2397

“F

2381

2418

2460

2502

s RmSd

52.60

u

M Radd

71.06

4.60

8.58

1.22

1.19

6,49

% ~h

42.54

22.32

1.01

14.28

5.64

1.35

1.51

2.43

7.25

0.57

1,10

4s Red

0.06

4s Red

0.04

0.55

0.60

4s Red[

12617

4S Red

“c

1173

1251

1271

1314

“c

1305

1326

1349

1372

IT
he

he Dletributlon Sleven

dp~m +2E

SrXpm4p~ 2-4S

3@m4p>14Spm 48x1OO

14SpnlAp>74p.m 1Ooxzfx

7.@mdpdpm ZWX325

md -325

she II

)Ianwler

(w)
108

162

140

121

104

89.9

77.5

66.9

57.7

49.8

42.9

37,1

32

27.6

23,8

20.5

17.7

15.3

13.2

11.4

9.8

8.5

7.3

6.3

5.4

4.7

4.1

3.5

3

2.6

2.2

1.9

Jze Distri

D(v,O.5

7%In

tze M

r
o
0
0
0

0.05

0.4

1.55

3.35

5.8
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Table 3.A.21

Chemical and Physical Analyses of the 70 % Roland/30 % Illinois #6 (2) Blend
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